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Abstract

Viral and bacterial pathogens offer unparalleled opportunities to dissect signal 

transduction networks, since infection is often driven by exploitation of cellular 

controls. In following thesis, two different features of vaccinia virus infection are 

used to identify mechanisms by which mammalian cells regulate actin 

nucléation and centrosome stability.

Upon leaving the cell, vaccinia virus generates a dynamic, actin-rich structure 

called an actin tail, which propels it into neighbouring cells. To achieve this, 

vaccinia stimulates localised tyrosine phosphorylation to assemble a 

multiprotein actin-nucleation complex. In the first part of the thesis, Grb2 was 

identified as a component of this complex. Grb2 is recruited both through an 

interaction between its SH2 domain and A36R Y132, and between its SH3 

domains and the N-WASP poly-proline rich region. Grb2 is not necessary for 

actin tail formation, and is not sufficient to efficiently recruit N-WASP in the 

absence of Nek. Grb2 does however increase the frequency of actin tails, and 

so acts as a “secondary” adaptor. Further studies showed that phosphorylation 

of A36R occurs only at the plasma membrane, providing an explanation for why 

actin tails are not formed by cytoplasmic virus particles. Furthermore, 

phosphorylation of A36R-Y132 depends on phosphorylation of neighbouring 

Y112, a binding site for the “primary” adaptor Nek.

In the second part of the thesis, the mechanism by which vaccinia infection 

disrupts the centrosome was investigated. Initial work focused on a viral kinase, 

F10L both in centrosome disruption and in viral morphogenesis. However, the 

viral phosphatase, H1L was subsequently identified as necessary and sufficient 

for the centrosome disruption phenotype. Host cell binding-partners of H1L 

were purified and a process of target verification was begun. AuroraA was also 

tested as a candidate target, and these experiments suggest that vaccinia 

infection and H1L-mediated centrosome disruption affect cell cycle progression 

in different ways.
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Chapter 1
Introduction: Actin-based motility

1.1 Perspective

1.1.1 Motile molecules

Motility is a fundamental property of all life on earth. From the first division of 

the first cellular organism, to the intricate development of the human brain, a 

common molecular thread can be traced. This unifying strand is based on the 

evolution of families of motile proteins -  the actins, tubulins and flagellins, 

whose properties make life on earth possible. Such proteins are capable of self

organisation into polar filaments, which through polymerisation, 

depolymerisation, and association with other proteins, are able to perform work 

by converting chemical energy into mechanical energy. A second group, the 

motor proteins, have evolved to use actin and tubulin filaments as tracks on 

which to move. Motility is therefore generated by the filaments themselves, 

through their assembly and disassembly, and by the motor proteins that interact 

with them. By forming a spatially organised, dynamic network -  the so-called 

cytoskeleton, motile proteins form the front-line in life's battle with entropy 

(Mitchison, 1992).

The selective pressures to acquire proteins with self-organising, motile 

properties must have arisen almost immediately following the advent of the first 

unit of life, the precursor of the modern cell. If such an organism were to 

replicate and thus be subject to evolution, a mechanism must have come about 

to promote the separation of components within the primordial cell. Intracellular 

motility is therefore a prerequisite for life - this fact is illustrated by the ubiquity 

of cell division in every cellular organism. While the precise mechanisms of cell 

division may vary enormously between prokaryotes and eukaryotes, (indeed, 

very little is known concerning the machinery involved in prokaryotic cell 

division), it has become apparent that all are dependent on motile filamentous 

proteins to generate the necessary spatial organisation of components 

(Nanninga, 2001).
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How this system evolved into the complex cytoskeletal networks we recognise 

in today’s eukaryotic cells is a matter of fierce debate. A great deal can be 

learned from analysis of genome sequences, comparing evolutionarily divergent 

species to identify shared genes with similar sequences (Wolfe, 2004). By 

combining this approach with structural studies, proteins with similar folds and 

domains can be compared, and their chemical properties determined. This is 

especially important, since structural features tend to be more strongly 

conserved than protein sequences, and so proteins with unrelated sequence 

may share significant structural and functional homology (Bujnicki, 2003).

Finally, applying this structural information to a more cell-biological approach, 

we can ask whether related physical and chemical properties extend to 

homologous biological functions.

Following this scheme, the most fundamental motile proteins of eukaryotes -  

actin and tubulin, have been found to have probable orthologues in prokaryotes 

(see also 2.1.1). The ancestors of such proteins were therefore likely to have 

been present in the “urkaryote”, the theoretical organism from which both 

prokaryotes and eukaryotes have evolved. Given that the cytoskeletal functions 

of prokaryotic homologues are contentious, it is clearly not possible to 

determine whether their urkaryotic ancestral genes played similar roles. 

However, what can be stated with certainty is that motile proteins with similar 

properties must have existed in these cells if internal self-organisation was to 

occur.

Such organisation would have become increasingly critical as cells evolved to 

become larger and more heterogeneous. The evolving cytoskeleton would 

have provided the cell with the tools necessary to deliver vital components to 

their correct location, as well as a means to concentrate and organise metabolic 

pathways. Until recently, prokaryotes have largely been assumed to lack 

internal organisation, perhaps because a need for such structural heterogeneity 

was not recognised. However, it is becoming increasingly apparent that internal 

organisation is a universal concept, important for prokaryotes as well as
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eukaryotes (Janakiraman and Goldberg, 2004; Wadhams et a!., 2002). it 

therefore seems likely that this property emerged early during evolution, and 

that motile proteins were essential for its development.

1.1.2 Swimming and crawling

Having established a basic form of intracellular motility to enable internal 

organisation and cell division, the evolution of motile behaviour at the level of 

the whole cell can be seen as a simple redeployment of previously existing 

molecular tools. Properties that the emerging cytoskeletal network must have 

acquired to enable internal motility are equally required to drive movement of 

the whole cell: namely, the ability to generate large-scale movement of the cell’s 

contents. The advantage of such motility for even the most basic of organisms 

is that it confers the ability to utilise sources of energy over a wider spatial 

environment. Consequently, this reduces levels of competition for resources in 

a population of individuals (Lauffenburger et al., 1982).

Prokaryotic and eukaryotic cells are capable of two distinct forms of motile 

behaviour. In prokaryotes, movement is often achieved using flagella -  long 

extracellular extensions containing the filament protein flagellin (Berg, 2003). 

Eukaryotic cells, including unicellular protists such as Chlamydomonas, and 

mammalian sperm cells, also have similar structures (known as undulipodia), 

although their protein composition is markedly different to those of prokaryotes, 

and the evolutionary relationship between them is hotly contested (Dolan et al., 

2002; Li and Wu, 2003; Silflow and Lefebvre, 2001). In both cases, movement 

is driven by rapid rotation of the flagellum.

By contrast, crawling motility is largely a preserve of eukaryotic cells*. In 

eukaryotes, crawling is driven by the coordinated assembly and disassembly of

* Some prokaryotes use a vaguely similar but less elaborate mechanism, generating twitching movements by retracting 

and extending pilli. Additionally, a crawling movement more similar to that of eukaryotic cells has been observed in a 

limited number of bacterial species, although its molecular basis is poorly understood.
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actin filaments, and involves dynamic changes in adhesion between the cell 

and its substrate (Kaverina et al., 2002; Pollard and Borisy, 2003). This occurs 

in a directional manner, relying on polarity cues provided by both the 

environment and internally by the microtubule cytoskeleton (Nabi, 1999). This 

delicate orchestration between the cell's different cytoskeletal proteins is 

achieved through an elaborate system of signal transduction networks.

Abercrombie divided the process of cell crawling in vitro into distinct events, 

based on his observations and those of others, of cultured mammalian cells 

(Figure 1.1) (Abercrombie, 1980):

1) The cell becomes polarised, forming distinct anterior and posterior 

structures. At the anterior (in the direction of travel), a wide, flat, actin- 

rich protrusion forms called a lamellipodium. Actin polymerisation in 

the lamellipodium pushes the cell membrane in the direction of travel.

2) Beneath the lamellipodium, at the leading edge, focal contacts are 

formed with the substrate, anchoring the cell in its new position

3) The cell body contracts, powered by the sliding of actin and myosin 

fibres that span the cell. This pushes cytoplasm forward into the 

lamellipodium.

4) Contacts between the cell’s posterior and substrate are weakened, 

allowing the rear end to retract into the cell body.

Repetition of this cycle allows cells to crawl at speeds of up to 1 /vm/s.

Incredibly, isolated lamellipodial fragments are able to undergo a form of 

directional motility, in the absence of the nucleus, microtubule network and 

most organelles (Euteneuer and Schliwa, 1984; Verkhovsky et al., 1999). This 

suggests that the system that guides the assembly of actin filaments in the 

lamellipodium is self-contained within the structure, and can operate 

independently of the cell body, including the nucleus. The signalling networks 

that are known to regulate this process are discussed in more detail in the next 

section (1.2).
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Protrusion
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Traction

De-adhesion/
tail retraction

I

Figure 1.1 Cell crawling. The mechanics o f cell crawling, divided into four

processes which occur simultaneously during migration, a Lamellipodial

protrusion. Image shows an electron micrograph of actin filaments in the

lamellipodium of a fish keratocyte (from Verkhofsky et. al., 2003). Arrows indicate

regions o f high actin density, stars indicate regions of low actin density, b Formation

of focal contacts to promote adhesion. Image shows focal contacts, visualised using

total internal reflection microscopy of human umbilical vein endothelial cells labelled

with an antibody against (3l-integrin (from Kawakami et. al., 2001). Arrows indicate

focal contacts, c Actin/myosin-mediated contraction o f the cell body generates

traction. Image shows actin stress fibres in HeLa cells overexpressing L IM  kinase

(from Maekawa et. al., 1999). Anowheads highlight transfected cells, d Tail

retraction. Image shows migrating melanoma cell expressing GFP-actin (from

Ballestrem et. al, 2000). Arrowhead highlights retracting tail.
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1.1.3 Multicellularity

Both crawling and flagellar motility play an important part in the social behaviour 

of both prokaryotic and eukaryotic cells. In prokaryotes, colonies of many 

bacterial species can form, not by limiting the motility of newly formed cells, but 

by coordinating motility to generate “swarming” behaviour (Harshey, 2003).

Such motility en masse can occur because bacteria secrete signalling 

molecules that influence both the flagellar apparatus and the further secretion of 

signals to neighbouring bacteria (Armitage, 1999). A functionally similar system 

of communication regulates the swarming behaviour of eukaryotes such as the 

slime mould, Dictyostelium, although in this case, it is crawling motility rather 

than flagellar motility that is directionally controlled (Kimmel and Parent, 2003). 

Dictyostelium has been an important model system for the study of cell crawling 

and its regulation. However, the process of unravelling how directional signals 

in the environment, such as chemical gradients, are converted into cell polarity 

and directional movement is still in its infancy.

Dictyostelium fluctuates between a motile, unicellular life-style, and an 

aggregated, multicellular mode of behaviour, during which a slug-like unit is 

formed. The advantages of this multicellular state are twofold. Firstly, it allows 

different cells to take on different characteristics (differentiation), broadening the 

capabilities of the organism as a whole. Secondly, this differentiation enables a 

simple form of sexual reproduction, providing an evolutionarily useful source of 

genetic variation. Such factors are likely to have been driving forces in the 

dramatic emergence of differentiated multicellular organisms, some 750 million 

years ago.

On the evolutionary branch that led to the arrival of multicellular plants from 

unicellular, flagellated algae, the onset of multicellularity seems to have 

minimised the need for crawling behaviour, since cell migration in plant 

development is limited to growth-like processes such as pollen tube and root 

hair extension (Johnson and Preuss, 2002; Samaj et al., 2004). However, rather 

than becoming less important as cells become less independent, cell motility in

16



animal development has diversified further, fuelling the evolution of ever more 

complex forms of life. Combined with cell division and differentiation, cell 

crawling is a key mechanism by which structures and patterns in animals are 

formed.

For example, a crucial step in the early development of all animals, gastrulation, 

requires highly coordinated, directional cell migration (Narasimha and Leptin, 

2000). Its function is to convert a hollow ball of cells (the blastula), in which the 

cells have defined animal-vegetal identities (endoderm, mesoderm and 

ectoderm), into the tubular body plan in which a central gut is surrounded by 

layers of each tissue (Figure 1.2). In Xenopus, for example, this is achieved 

using three migratory steps -  first vegetal mesodermal cells migrate into the 

hollow centre of the blastula (the blastocoel). This is followed by convergent 

extension, a process involving massed remodelling of the endodermal sheet to 

form a cylinder within the blastocoel. This cylinder extends by intercalation, 

eventually merging with the opposite wall of the blastula to generate the tube 

that will form the gut. Finally, as this extension occurs, a compensatory 

movement of ectodermal cells across the surface of the embryo generates the 

layer of cells that will eventually form the epithelial and neural tissues of the 

animal (following further migrations and involutions). These three migrations 

are responsible for the body plan of every animal, from the sea anemone to 

man (Wolpert, 1992).

During animal development, motile behaviour is carefully regulated, being 

activated in particular populations of cells at precise times. Migratory behaviour 

is however not limited to development, and continues throughout the lifetime of 

animals. Some cell-types in the animal lineage reacquire the ability to migrate 

during their differentiation. Cells of the immune system such as macrophages 

and neutrophils are able to respond to damage or infection by migrating 

towards the affected area. A circulating neutrophil, for example, senses 

chemokines from a wound or infection, and rapidly adheres to the blood-vessel 

wall before crawling through it to target the damaged region, (a process known 

as diapedesis) (Muller, 2003). As is the case for Dictyostelium, much is known
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dorsal ventral dorsal ventral

animal

blastocoel

IMZ(deep)

leading y' . ^ ' 
cells vegetal base

(deep zone)

bottle cells

archenteron

anterior

posterior blastopore

Figure 1.2 Gastrulation in Xenopus. Photographs (left) and schematic

figure (right) o f gastrulation in Xenopus. Light blue represents presumptive

epidermis, dark blue presumptive ectoderm, yellow endoderm, green archenteron,

red mesoderm, orange leading cells. AP=animal pole, VP=vegetal pole, N IM Z=

non-involuting marginal zone, IMZ=involuting marginal zone, a Stage 9, pre-

gastrulation. b Stage 10, showing migration o f leading cells and involution o f the

mesoderm, c Stage 11, showing cpibolic movement o f the presumptive epidermis

and convergent extension, d Stage 13, post-gastrulation. Photographs from

http://www.bio.davidson.edu/people/balom/StagingTable/xenopushome. Schematic

from http://worms.zoology.wisc.edu/frogs/gastxen/surfacemap
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about the signals to which immune cells respond, and the machinery within the 

cell required to generate motility, and yet very little is understood about how this 

machinery becomes spatially organised in response to directional signals.

Nerve cells have highly specialised cytoskeletal networks, with long, 

microtubule-rich extensions that form the axon. At the tip of the axon, an actin- 

rich lamellipodial structure called the growth cone crawls and guides the 

extension of the nerve along the correct path towards its target (Dent and 

Gertler, 2003). Unlike cell crawling, axon guidance occurs in the absence of 

any obvious movement of the cell body. However, just as immune cells 

respond to extracellular signals to crawl in the appropriate direction, nerve cells 

are highly sensitive to a plethora of cues within the extracellular matrix and 

importantly, on neighbouring cells (Schnorrer and Dickson, 2004). In this way, 

nerve cells form the intricate, interconnected networks that constitute the central 

and peripheral nervous systems.

Muscle tissue too is composed of cells capable of a form of motile behaviour 

related to cell crawling. Large muscle cells are generated by fusion of 

myoblasts to form syncytia, and are packed with interdigitating actin and myosin 

filaments (Taylor, 2003). The cells are able to lengthen and shorten using a 

ratchet mechanism, driven by the hydrolysis of ATP, in which the actin and 

myosin filaments slide past each other (Huxley, 2004). This represents the 

same molecular mechanism that drives contraction of the cell body during cell 

crawling, but on a grand, ordered scale. Both muscle and nerve cells therefore 

adopt alternative modes of motility, but both are based on different elements of 

the crawling behaviour of the simplest, unicellular eukaryotes. Importantly, 

different forms of motility appear to require the same basic molecular 

machinery.

It is not surprising, given how widespread and deeply embedded cell motility 

appears to have become in animal development and physiology, that 

inappropriate motile behaviour of cells plays a role in human disease, especially 

in cancer (Condeelis and Segall, 2003). In the microevolutionary environment
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of a rapidly growing and genetically unstable tumour, there is strong selective 

pressure for tumour cells to acquire characteristics that reduce competition for 

resources. One way to achieve this is to stimulate the formation of new blood 

vessels to supply the tumour (Bergers and Benjamin, 2003). Alternatively, 

tumour cells can reactivate the program for cell motility, becoming invasive and 

spreading to distant parts of the body in the bloodstream and lymphatic system 

(Cairns et al., 2003). This metastatic transition, from adherent and static, to 

aggressively mobile, can convert an easily removable growth into a lethal 

disease.

Our realisation of this fact has led to a redoubling of efforts to understand the 

regulation of cell motility. The following sections detail the fruits of this work, 

outlining our current understanding of how the proteins that make up the 

eukaryotic cytoskeleton are controlled and regulated to generate motile 

behaviour.

1.2 Regulating the actin cytoskeleton

1.2.1 The kinetics of actin poiymerisation

Actin is one of the most highly abundant proteins of the eukaryotic cell, and its 

accumulation in motile structures such as lamellipodia suggests it plays an 

important part in their function. Moreover, the physical properties of actin make 

it an ideal candidate to generate the forces required to drive cell motility. A 42 

kDa globular protein (G-actin), actin polymerises head-to-tail, forming a filament 

comprising two intertwined strands (F-actin) (Figure 1.3a-b) (Egelman, 1994). 

The resulting filaments are polar -  a fact that was highlighted by decoration of 

purified filaments with an actin-binding domain of myosin (Brown and Spudich, 

1979). Decorated filaments appear to have “pointed” and “barbed” ends. In 

vivo, barbed ends tend to point towards cellular membranes in actin-rich 

structures such as lamellipodia and filopodia.

The polymerisation of purified G-actin into F-actin can be measured in vitro

using several different techniques, including electron microscopy, viscosity
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Figure 1.3 Actin structure and dynamics, a Crystal structures of 

G-actin, bound to ATP (left) and ADP (right). Note that upon ATP hydrolysis, 

a flexible loop becomes an ordered helix. Images from Graceffa and Dominguez, 

2003. b Atomic model of F-actin structure, based on a combination o f the 

structure of G-actin and electron microscopy studies o f F-actin. Left image shows 

monomers in cartoon form. Black spots are ADP. Right is low resolution surface 

model. Images from Kim et. al, 2000. c Schematic figure showing process of 
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ADP for ATP. ATP-actin reassociates with the barbed end. This results in a net 

tlux o f actin through the filament.
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measurements, and sedimentation assays. Perhaps the most widely used 

assay uses G-actin monomers labelled with pyrene, a polycyclic aromatic 

hydrocarbon, whose fluorescence increases following incorporation into 

filaments (Cooper et al., 1983). It has been shown that the rate of growth of an 

actin filament is determined by two different factors. Firstly, the rate of G-actin 

incorporation is directly proportional to the concentration of free G-actin. 

Secondly, the rate at which G-actin dissociates from the filament is independent 

of G-actin concentration (Pollard, 1983). Combining these two factors, it 

becomes apparent that a critical concentration of G-actin must exist, at which 

point the gain and loss of G-actin from the filament are equal, and so no net 

growth of the filament occurs. Above and below this concentration, the filament 

will grow and shrink respectively.

Actin binds to ATP, and when incorporated into a filament, rapidly hydrolyses 

the ATP to ADP. ATP hydrolysis is favoured on the subunit adjacent to a 

subunit on which ATP has been hydrolysed; this results in a vectorial wave of 

ATP hydrolysis through the growing filament (Carlier, 1990; Pantaloni et al., 

1985a; Pantaloni et al., 1985b). The release of inorganic phosphate (Pj actually 

occurs more slowly, and it is this step that appears to change the physical 

properties of the actin monomer. ADP-bound actin has a higher tendency to 

dissociate from the filament ends than ATP-actin, and this imbalance lends 

further polarity to the filament. The critical concentrations for the barbed and 

pointed ends are in fact different, being approximately seven times higher at the 

pointed end. This means that if the concentration of free actin falls between the 

two critical concentrations, G-actin will incorporate at the barbed end and 

dissociate at the pointed end (these are therefore sometimes referred to as the 

plus and minus ends respectively). This imbalance causes individual G-actin 

monomers to “treadmill” through the filament (Figure 1.3c) (Bonder et al., 1983; 

Wegner, 1976).

It was initially thought that this treadmilling action could explain how actin 

filaments generate motility in vivo (Small, 1995). However, it is now generally 

accepted that, at least in the lamellipodium, force is generated by newly
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incorporated G-actin at the barbed end pushing against the cell membrane 

(Borisy and Svitkina, 2000; Condeelis et al., 1988; Schwartz et al., 2004). This 

model raises important questions -  for example, to generate force, the actin 

filament must be fixed in place in relation to the membrane being pushed. How 

does this occur? Secondly, in order for incorporation to occur, should the 

membrane not already be extended to allow room for the incoming monomer?

These questions are however less problematic than might be expected: the 

main body of the actin cytoskeleton does in fact remain fixed in place during 

protrusion of the lamellipodium, a property that is likely to depend on its highly 

branched structure (see below), and its association with focal adhesion 

complexes (Theriot and Mitchison, 1991). The incorporation of G-actin at the 

barbed end associated with the membrane can occur when the flexible, 

compressible properties of the actin filament are taken into account. Behaving 

like a spring, the actin filament expands and contracts, momentarily allowing 

access to the barbed end as it detaches from the membrane before returning to 

push it further (Gardel et al., 2004; Mahadevan and Matsudaira, 2000). Also, 

the plasma membrane is continuously extended by the delivery and 

incorporation of new lipids at the cell surface, allowing actin filament network to 

extend progressively forwards (Lecuit and Pilot, 2003).

Within a cell, the growth and subsequent turnover of actin filaments must be 

both rapid and tightly controlled -  not only for cell motility to occur, but also to 

allow many other actin-dependent processes to proceed normally, including cell 

division, phagocytosis, and some forms of vesicular trafficking (Fehrenbacher et 

al., 2003). The speed of actin treadmilling in vitro is not sufficient to account for 

the observed speed of migration of cells, and so additional stimulating factors 

must be involved in vivo. These factors must also be exquisitely regulated to 

generate directional motility. Over the last ten years, our knowledge of these 

factors and their regulation has grown astronomically, to the point where a 

cohesive, mathematically tractable model for the assembly of actin networks at 

the leading edge have been proposed (Grimm et al., 2003; Pollard and Borisy, 

2003) (Figure 1.4).
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Figure 1.4 A model for the regulation of actin filament dynamics 

at the leading edge. 1 Transmembrane receptor signalling regulates actin 

dynamics. 2 Receptors signal to downstream GTPases and lip id  second messengers.

3 These signals activate WASPAVAVE-family proteins at the plasma membrane.

4 WASPAVAVE activate the Arp2/3 complex, promoting actin filament nucléation.

5 Actin filaments elongate. 6 Growing filaments push the membrane forward.

7 Capping proteins associate with the barbed end, preventing elongation. 8 Actin 

in the filament hydrolyses ATP to ADP. 9 AD F/cofilin  severs ADP-actin filaments.

10 Profilin binds ADP-actin and catalyses the exchange o f ADP for ATP. 11 Profilin 

buffers the cytoplasmic pool o f ATP-actin, resupplying free barbed ends. Figure 

from Pollard and Borisy, 2003.
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1.2.2 Regulating free ends -  capping and cutting

The growth of actin filaments at barbed or pointed ends can be prevented by 

capping protein, which acts by binding to the filament and thereby blocking the 

association of G-actin monomers. Filament capping is an important mechanism 

to limit filament growth, so that the direction and shape of the protrusion may be 

finely controlled (Mejillano et al., 2004; Xu et al., 1999). Additionally, short 

filaments have a diminished tendency to bend, and so are more efficient at 

pushing the membrane (Gardel et al., 2004).

The importance of filament capping in regulating the direction and shape of 

protrusion has recently been demonstrated using RNA-interference (Mejillano et 

al., 2004). In the absence of capping protein, lamellipodia fail to form, and 

instead, filopodia are generated. This suggests that a major function of this 

protein in vivo is to ensure that actin nucléation occurs diffusely across the area 

of the lamellipodium, rather than concentrating in small regions of membrane to 

form filopodia.

Capping proteins are regulated by interactions with other proteins, by 

association with phospholipid second messengers, and by phosphorylation. For 

example, the interaction between capping protein and actin filament barbed 

ends is thought to be disrupted by phosphoinositide-4,5-bisphosphate (PIPg), a 

membrane phospholipid often generated during activation of membrane- 

associated signalling networks (Caldwell et al., 1989; Heiss and Cooper, 1991). 

Capping protein is proposed to bind PIPg, uncapping actin filaments and 

promoting localised actin polymerisation (Schafer et al., 1996).

An alternative mechanism to generate uncapped filament ends is to sever a 

pre-existing filament. Cofilin is one example of a protein with this activity, 

destabilising actin filaments by both increasing the off-rate of ADP-actin at the 

pointed end and by introducing breaks in the filament (Bailly and Jones, 2003; 

Theriot, 1997). This allows filament growth from the newly formed barbed end.
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For this reason, the activity of cofilin is essential for cell motility and the 

formation of actin-rich protrusions -  a fact that might seem counterintuitive at 

first glance (Ghosh et al., 2004). Unsurprisingly however, cofilin activity must be 

tightly restrained. This appears to involve LIM-kinase, which phosphorylates 

cofilin and in doing so blocks its ability to sever actin filaments (Arber et al.,

1998).

1.2.3 Regulating supply -  buffering and replenishing

Actin filament growth depends on a readily accessible supply of actin 

monomers. G-actin incorporation at the barbed ends is also thought to require 

that incoming monomers be ATP-bound. Since it is largely ADP-actin that is 

released from filaments, a system is required whereby levels of ATP-actin are 

replenished. The actin binding protein profilin fulfils this role (Sohn and 

Goldschmidt-Clermont, 1994). Profilin binds to free G-actin, and increases the 

rate of exchange of ADP for ATP (Mockrin and Korn, 1980). In doing so, it 

“recycles” the pool of actin, allowing filament growth to continue at the barbed 

end. Profilin is highly conserved, and is essential for life in organisms from 

yeast to mice (Ostrander et al., 1999; Witke et al., 2001 ; Wolven et al., 2000).

Like capping protein, association between profilin and actin is also regulated by 

PIP2, which binds to profilin, encouraging the release of G-actin (Ostrander et 

al., 1995). Aside from its replenishing role, profilin therefore also acts as buffer. 

By binding to G-actin monomers, profilin lowers the concentration of free G- 

actin to below the critical concentration, preventing inappropriate actin 

polymerisation (Ozaki and Hatano, 1984). Thymosin-p4 also behaves as an 

actin-buffering protein -  it has a lower affinity for actin than profilin and so acts 

as a secondary store, resupplying profilin with actin following a period of actin 

filament growth (Kang et al., 1999; Yarmola and Bubb, 2004).

Actin buffering is vital because it prevents inappropriate and uncontrolled 

nucléation of actin filaments. Without such buffering, the concentration of free 

actin would be significantly above critical throughout the cytoplasm. In fact, this
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above-critical concentration is absolutely necessary if the cell is to achieve the 

rapid bursts of polymerisation that are required to reach the speeds of motility 

commonly observed in crawling cells.

1.2.4 Actin nucleating complexes

A significant kinetic barrier to the formation of actin filaments by purified actin in 

vitro is the formation of an actin trimer, capable of nucleating the further growth 

of a filament (Gilbert and Frieden, 1983). This event is statistically rare, and 

cannot be relied upon to generate the precise spatial arrangement of filaments 

required in vivo. To overcome this problem, proteins capable of mimicking or 

stabilising the formation of an actin dimer, but in a controllable manner, have 

evolved. One such complex dominates recent studies, and appears to play a 

role in many different actin-dependent processes.

The 220 kDa Arp2/3 complex was initially isolated from Acanthamoeba using 

profilin as bait (Machesky et al., 1994; Welch et al., 1997a). Its seven subunits 

include two proteins with significant homology and structural similarity to actin -  

the actin-celated proteins Arp2 and Arp3. The Arp protein family contains 

numerous other members, and all, like actin, share the Hsp60-like fold (Schafer 

and Schroer, 1999). Their functions are however highly diverse. For example, 

the presence of two Arps is a recurring feature of several other multisubunit 

protein complexes, including the SWI/SNF chromatin remodelling complex, and 

the dynein-dynactin microtubule motor complex (Eckley et al., 1999; Olave et 

al., 2002). Arps therefore do not necessarily dictate an actin-related role for the 

complex of which they form a part.

However, in Acanthamoeba, both Arps colocalise with actin at the cell cortex 

(Kelleher et al., 1995). Homologous complexes were identified in organisms as 

evolutionarily diverse as the yeast Saccharomyces cerevisiae and humans, 

implying that they play an important, conserved function in the physiology of the 

cell (Welch et al., 1997a). This importance had been confirmed by genetic 

studies in yeast, which showed that loss of Arp2/3 complex components is
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lethal (Schwob and Martin, 1992). Importantly, hypomorphs were found to have 

severe defects in the organisation and function of the actin cytoskeleton 

(Moreau et al., 1996). Similar defects could be achieved in mammalian cells by 

microinjection of inhibitory antibodies, and in Drosophila, where Arp2/3 complex 

mutants are defective in the formation of actin-rich structures such as ring 

canals (Hudson and Cooley, 2002).

In vitro, the Arp2/3 complex was found to weakly stimulate the formation of actin 

filaments (Mullins et al., 1998). Upon observation with the electron microscope, 

a branched network of filaments could be seen In vitro, with actin filaments 

branching at a 70° angle from their parents (Figure 1.5a) (Mullins et al., 1998). 

The Arp2/3 complex localises to both pointed end tips and branch points 

(Figure 1.5b). This 70° arrangement of filaments and Arp2/3 localisation is also 

observed in lamellipodia (Amann and Pollard, 2001). Further studies, using 

video microscopy techniques have led to the conclusion that the Arp2/3 

complex plays an important role in the formation of branched actin networks in 

the lamellipodium, and acts by nucleating filament growth from the side of pre

existing filaments (Blanchoin et al., 2000).

Based on structural predictions, using actin as a template for homology 

modelling of Arp2 and Arp3, and also cross-linking and electron microscopy, it 

was proposed that the two proteins together act as a pointed end template for 

the nucléation of actin filaments (Mullins and Pollard, 1999; Mullins et al., 1997). 

However, crystallisation of the complex led to the surprising discovery that, at 

least in the inactive conformation captured by crystallisation, the two proteins do 

not contact each other, and would not be able to behave as a G-actin dimer to 

promote actin nucléation (Figurel .5c-d) (Robinson et al., 2001). Activation of 

the complex appears to require additional nucléation promotion factors, 

although this initial kinetic barrier becomes less relevant in the presence of F- 

actin, which autocatalytically stimulates Arp2/3 activity In vitro (Machesky et al.,

1999). It seems likely that nucléation promotion factors and actin filaments act 

by inducing a conformational change in the Arp2/3 complex, aligning Arp2 and 

Arp3 in an orientation capable of recruiting a G-actin monomer to form a
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Figure 1.5 The Arp2/3 complex, a Enhanced cryoelectron micrograph of an 

actin filament branch, nucleated by the Arp2/3 complex in vitro, b Atomie model o f 

the same branch, with structure of actin overlaid. Note that Arp2/3 occupies the 

location o f the first actin dimer of the new filament branch. C Crystal structure o f the 

Arp2/3 complex, surface visualisation, d Crystal structure o f the Arp2/3 complex, 

cartoon visualisation. Note that Arp2 and Arp3 are not in close contact in the 

crystallised conformation, a and b from Volkmann et. al., 2001. C and d from 

Robinson et. al., 2001.
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nucleation-competent trimer. Nucléation promoting factors are discussed 

further in section 1.2.5.

Although the Arp2/3 complex is undoubtedly an important part of the cell's 

actin-nucleating machinery, it is not involved in the formation of several actin- 

rich structures whose organisation is markedly different to that within the 

lamellipodium. For example, filopodia and the cytokinetic contractile ring both 

contain actin filaments that do not form branched networks, but instead become 

organised into parallel bundles (Tilney et al., 1996; Wood and Martin, 2002).

An increasing body of evidence now suggests that the formation of these 

structures is dependent on a second, highly-conserved family of actin- 

nucleating proteins, the formins (Wallar and Alberts, 2003). Formins were 

initially identified as a family of transcripts whose mutation results in limb 

deformities in the mouse embryo (Mass et al., 1990). They are characterised 

by two family-specific domains, formin-homology-1 (FH1) and -2  (FH2). FH2 

domains alone are able to stimulate actin assembly, both in vivo and in vitro, 

while the FH1 domain binds profilin, thus targeting the protein directly to a 

source of G-actin (Imamura et al., 1997; Pring et al., 2003). Formins fall into 

two families, one of which contains Diaphanous and proteins with similar 

domain structure. The Diaphanous-related formins are all regulated by an 

inhibitory intramolecular interaction between the FH2 domain and an amino- 

terminal Rho-GTPase-binding domain (RBD), which is released following 

binding to active Rho-GTPases (Olson, 2003; Watanabe et al., 1997). This 

mechanism resembles that which regulates activation of N-WASP (see 1.2.5).

The biological functions of formins are varied. At the cellular level. Diaphanous 

has been shown to induce the formation of stress fibres in mouse cells, while its 

homologue in Drosophila is required for cytokinesis (Castrillon and Wasserman, 

1994; Tominaga et al., 2000). Other formin family members including 

Drosophila Cappuccino and S. cerevisiae Bnilp have apparent roles in the 

maintenance of cell polarity (Emmons et al., 1995; Ozaki-Kuroda et al., 2001). 

Mutations in one human Diaphanous-related formin (DFNA1), result in defective 

formation of stereocilia and deafness (Lynch et al., 1997). Another (hDia) has
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been suggested to play a role in formation of the sperm acrosome (Zhang et al.,

2001).

In vitro analysis of the S. cerews/aeformin Bnilp suggests that like capping 

proteins, formins bind the barbed ends of actin filaments. They then stimulate 

actin filament nucléation at this site, possibly by sequential recruitment of G- 

actin monomers (Pruyne et al., 2002). The recent publication of a crystal 

structure of the Bnilp FH2 domain raises an attractive model for how these two 

seemingly contradictory properties can be resolved (Figure 1.6 ) (Xu et al.,

2004). FH2 domains have been shown to dimerise. This dimérisation presents 

two elongated actin-binding heads that could functionally mimic the Arp2/3 

dimer in acting as a seed for the formation of a nucleating trimer. Importantly, 

each monomer is associated head-to-tail with the other via an extended loop or 

“lasso” which wraps around a protrusion or “post” region of its partner. This 

connection is flexible, and could allow the two actin-binding surfaces to 

alternately shift relative to each other in a stepping motion at the end of the 

filament. This would allow the progressive insertion of actin monomers at one 

surface while the other remains in contact with the filament barbed end.

Together, the Arp2/3 complex and the many different formins account for a 

large number of actin-dependent functions and actin-rich structures within the 

cell. Several other proteins are known to have actin-nucleating activity, 

including gelsolin, VASP and zyxin. Currently however, the biological relevance 

of these activities has not been assessed. A key aim of future work will be to 

attribute an actin-nucleation complex or complexes to each actin-based 

structure. This will then facilitate efforts to connect each structure with its 

biologically relevant upstream signalling pathways, some of which are 

discussed below.

1.2.5 Nucléation promoting factors

The Arp2/3 complex and formins are two of the final effectors in a complicated 

network of regulatory signals that are stimulated by a large number of different
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ends and FH2 domains, a Crystal structure o f the FH2 domain dimer (blue/ 

brown), shown in relation to the predicted structure o f F-actin. b Schematic 
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From Xu et. al., 2004.
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internal and external cues. Nucléation promoting factors therefore occupy a 

critical point in these networks, as it is at this level that many of the signals 

become integrated. For this reason, most nucléation promoting factors are 

multi-domain proteins, which can interact with a large number of different 

signalling proteins that are capable of regulating their ability to activate target 

actin-nucleating complexes.

The Wiskott-Aldrich syndrome protein (WASP) family comprises five members, 

WASP, N-WASP (neuronal WASP), and WAVE1-3 (WASP family ygrprolin- 

homologous protein 1-3) (Figure 1.7a) (Takenawa and Miki, 2001). WASP was 

initially identified as a binding partner of the Rho-GTPase Cdc42 (Aspenstrom 

et al., 1996). Mutations in the human WASP gene result in severe defects in 

both immunity and platelet function, known as Wiskott-Aldrich syndrome (Derry 

et al., 1994; Featherstone, 1996). WASP was found to cause clusters of 

polymerised actin to form in cells when overexpressed. This activity is 

dependent on Cdc42 function (Symons et al., 1996). However, its downstream 

target remained unknown until a yeast-two-hybrid screen for binding partners of 

the Arp2/3 complex subunit p21-Arc identified WASP (Machesky and Insall, 

1998). The ability of WASP to bind the Arp2/3 complex was mapped to its 

carboxy-terminus. Overexpression of this carboxy-terminal WASP domain 

disrupts the recruitment of the Arp2/3 complex to sites of actin polymerisation, 

and blocks the formation of lamellipodia and actin clusters (Machesky and 

Insall, 1998).

WASP expression in humans is restricted to cells of the haematopoietic lineage, 

accounting for the particular defects associated with Wiskott-Aldrich syndrome 

(Derry et al., 1994). N-WASP is a ubiquitous homologue of WASP (its neuronal 

title merely describes the tissue from which it was initially purified), with an 

identical domain organisation (Miki et al., 1996). The founder member of the 

WAVE family was first identified in Dictyostelium during a screen for 

suppressors of the motility defect associated with loss of the cAMP receptor, 

and was named Scar (suppressor of cAMP receptor) (Bear et al., 1998). All 

WASP/WAVE family members are characterised by the carboxy-terminal
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WAA/CA (verprolin homology region/cofilin homology region/acidic region) 

domain, which contains both an actin-binding WASP-homology 2 (WH2) motif 

and an acidic, Arp2/3 complex-binding region (Paunola et al., 2002; Yamaguchi 

et al., 2000). Interestingly, the WH2 motif is conserved in the p-thymosin family 

of actin buffering proteins (see 1 .2.3), although its function in WASP is likely to 

be closer to that of the formin FH1 domain in delivering actin to the nucleating 

complex.

The remaining regions of WASPA/VAVE family proteins are binding sites for a 

large number of different signalling proteins. All contain an extended poly

proline rich domain, which interacts with several SH3-domain containing 

adaptor proteins. In the case of WASP and N-WASP, these include Grb2, Nek, 

and WISH (WASP-interacting SH3 protein), while the WAVE poly-proline rich 

domain binds the insulin-receptor substrate IRSp53, the tyrosine kinase Abl, 

and WRP (WAVE-associated Bac-GAP protein) (Carlier et al., 2000; Fukuoka et 

al., 2001 ; Miki et al., 2000; Rivero-Lezcano et al., 1995; Soderling et al., 2002; 

Westphal et al., 2000). Both WASP and WAVE subfamilies also bind profilin via 

this domain, perhaps providing an additional means of actin-delivery to the 

nucleating complex (Suetsugu et al., 1998).

WASP and N-WASP both contain a CRIB (Qdc42/Bac interactive binding) 

domain, which links WASP to signalling by the Rho-family of GTPases (these 

are described in section 1.2.6) (Hoffman and Cerione, 2000; Rudolph et al., 

1998). The functionally relevant binding partner for this domain is thought to be 

Cdc42 and not Rac (Symons et al., 1996). Recently, a novel N-WASP-binding 

protein was purified which is required for Cdc42-dependent activation of N- 

WASP in Xenopus egg extracts. Toca-1 (transducer of Qdc42-dependent actin 

assembly) is a member of the PGH (pombe Qdcl 5 homology) protein family 

that includes the mammalian syndapins, and binds both N-WASP and Cdc42 in 

vitro, thus providing an important functional connection between these two 

molecules. In close proximity to the CRIB domain is a basic stretch of amino 

acids that binds PIPg (Miki et al., 1996). Finally, the amino-terminus of WASP 

and N-WASP comprises a WH1 (WASP-homology 1) domain, whose known
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binding partners include WIP (WASP-interacting protein) and its homologues 

CR16 and WIRE (WIP- and CR16- homologous protein) (Aspenstrom, 2004; Ho 

et al., 2001 ; Kato et al., 2002; Ramesh et al., 1997).

In contrast, the amino-terminus of WAVE family members contains a poorly 

characterised domain termed WHO (WAVE-homology domain) (Smith and Li, 

2004). The first known binding partner for the WHO domain was recently 

identified -  Abil is an adaptor protein that interacts with Abl tyrosine kinase 

(Innocenti et al., 2004). Abil forms a complex with WAVE2, PIR121 (p53- 

inducible mRNA 121) and Napi (Nek associated protein 1) (Innocenti et al., 

2004). WAVE proteins also contain a basic region, which has now been shown 

to bind PIP3 (Oikawa et al., 2004). This interaction is required for WAVE2- 

induced formation of lamellipodia (Oikawa et al., 2004). WAVE proteins and 

WASP proteins are therefore sensitive to two different phospholipid second 

messengers, a fact that may account for their ability to take part in the formation 

of different actin-rich structures.

The ability of WASP/WAVE proteins to stimulate the Arp2/3 complex can be 

assessed in vitro using the pyrene-actin assay (see 1.2.1). Using this system, it 

has been shown that the interaction of N-WASP with Nek, Grb2 , WISH, PIPg 

and Cdc42 all promote activation of the Arp2/3 complex (Carlier et al., 2000; 

Fukuoka et al., 2001 ; Rohatgi et al., 1999; Rohatgi et al., 2001). Cdc42 and 

PIP2 were shown to act synergistically to activate N-WASP, in that the 

combination of both signals generates a much stronger stimulation than the 

sum of the two alone (Rohatgi et al., 1999). Grb2 also acts synergistically when 

combined with Cdc42 (Carlier et al., 2 0 0 0 ). Nek however activates N-WASP 

independently of Cdc42, but synergistically with PIPg (Rohatgi et al., 2001). 

WISH appears to fully activate N-WASP in the absence of Cdc42 or PIPg 

(Fukuoka et al., 2001). Although caution should be observed when 

extrapolating these findings to an in vivo context, these properties may explain 

how N-WASP is able to integrate multiple signals, ensuring that actin 

polymerisation can be finely tuned to particular regions of the cell.
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In the case of WASP and N-WASP, a model has been suggested to address 

how this integration mechanism works at a structural level (Figure 1.7b). It was 

discovered that the GTPase-binding and WA domains of N-WASP are able to 

interact (Kim et al., 2000a). This led to the proposal that an intramolecular 

interaction between the two domains is responsible for maintaining full-length 

N-WASP in a “closed” conformation. In the closed state, N-WASP would be 

incapable of stimulating the actin nucléation activity of the Arp2/3 complex -  this 

proposal is supported by observations that full-length N-WASP is significantly 

less efficient in stimulating the Arp2/3 complex than the WA domain alone in 

vitro (Higgs et al., 1999). Docking of Cdc42 with the GTPase-binding domain 

and/or PIPg with the neighbouring basic domain would disrupt the intramolecular 

interaction, allowing N-WASP to adopt an open, active conformation (Rohatgi et 

al., 2000). Strong support for this model came from recent work using 

fluorescence-resonance energy transfer (FRET). By tagging the amino- and 

carboxy-termini of N-WASP with CFP and YFP respectively, it was possible to 

visualise regions of the cell in which CFP and YFP are too distant for 

intramolecular FRET to occur. This presumably corresponds to N-WASP in the 

open, active conformation, which was found to accumulate in the lamellipodia 

and invadopodia of migrating cells (Lorenz et al., 2004).

A second form of WASP/N-WASP regulation is brought about by protein 

phosphorylation, which also appears to affect conformation. Both proteins are 

phosphorylated on a conserved tyrosine in the GTPase-binding domain, by Src- 

family tyrosine kinases (following cell stimulation or overexpression of the 

tyrosine kinase Hck), and possibly by FAK (for which only an in vitro interaction 

has been demonstrated) (Cory et al., 2002; Suetsugu et al., 2002; Wu et al., 

2004). In the case of WASP, efficient tyrosine phosphorylation requires prior 

binding of Cdc42 to enhance access to the target site (Torres and Rosen,

2003). Tyrosine-phosphorylated WASP appears to adopt the open 

conformation independently of Cdc42. Furthermore, the SH2 domain of Src is 

able to bind the phosphorylated residue, further blocking the return of the 

protein to the closed conformation (Torres and Rosen, 2003). In this way, 

phosphorylation causes the protein to “remember” its Cdc42-dependent

37



activation long after Rho-GTPase activation has subsided. A different line of 

investigation suggests that the phosphorylation of N-WASP might promote its 

export from the nucleus where a fraction of the protein has been found to 

reside, although the relevance of these findings is currently unknown (Wu et al., 

2004).

Two further phosphorylation sites have been mapped to the WA domain of 

WASP (Cory et al., 2003). Phosphorylation of two neighbouring serine residues 

by casein kinase 2 enhances its affinity for the Arp2/3 complex, although 

phosphorylation only enhances actin nucléation in the context of the full-length 

protein, and not in the context of the isolated WA domain. It seems likely that 

serine phosphorylation is required for optimal activation of WASP in vivo. 

However, it remains to be seen how phosphorylation integrates with the many 

other regulatory factors which control WASP activity.

Our understanding of WAVE regulation is comparatively limited. WAVE 

proteins were placed downstream of Rac, based on their relocalisation following 

expression of constitutively active Rac and on the ability of dominant negative 

WAVE proteins to inhibit Rac-mediated membrane ruffle formation (Miki et al., 

1998). However, unlike N-WASP/Cdc42, WAVE and Rac do not interact 

directly, but instead require an intermediate adapter, IRSp53 (Miki et al., 2000). 

Full-length WAVE1 appears to be constitutively active with respect to the Arp2/3 

complex in vitro, suggesting it lacks an autoinhibitory mechanism (Eden et al., 

2002). WAVE in isolation is sensitive to proteolytic degradation in vivo (Rogers 

et al., 2003). However, it is both inhibited and protected from degradation by 

association with a protein complex containing Napi and PIR121 (Eden et al., 

2002). A large number of other proteins have been identified which form part of 

WAVE-associated complexes, and the extent to which they bind constitutively 

or in response to upstream signals is still a matter of confusion.

Aside from WASPA/VAVE proteins, a variety of other factors have been 

identified which can act directly on the Arp2/3 complex to stimulate its actin- 

nucleation activity. Cortactin is the best studied of these, and is expressed in
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many cell types, (a homologous gene, HS- 1  is expressed in haematopoietic 

cells) (Uruno et al., 2003b; Weed and Parsons, 2001). It was quickly identified 

as a substrate of Src kinase, although the role of its phosphorylation is still 

unclear (Wu and Parsons, 1993). Like WASP/WAVE, cortactin contains an 

acidic domain that binds and weakly activates Arp2/3 (Weed et al., 2000).

While it lacks a G-actin binding WH2 domain, cortactin also possesses a 

central, F-actin binding-repeat region that is required for its ability to stimulate 

the Arp2/3 complex (Weed et al., 2000). The carboxy-terminal SH3 domain of 

cortactin has been shown to bind several proteins including dynamin and WIP 

(Kinley et al., 2003; McNiven et al., 2000; Schafer et al., 2002).

Although cortactin localises to sites of dynamic actin nucléation, its activity 

towards the Arp2/3 complex in vitro is considerably weaker than that of, for 

example, N-WASP (Weed et al., 2000). This may be due to its inability to 

directly supply Arp2/3 with G-actin, or may be a result of the different contacts it 

makes with Arp2/3, (while N-WASP cross-links with Arp2, Arp3 and ARPC1 

subunits, cortactin only cross-links with Arp3) (Weaver et al., 2002). In 

conditions where levels of N-WASP are limiting, both N-WASP and cortactin 

can be seen to bind Arp2/3 simultaneously and act synergistically to stimulate 

actin polymerisation (Weaver et al., 2002). However, whether this complex 

would ever form in vivo is not yet clear.

More recent in vitro work proposes that cortactin acts upstream of WASP/N- 

WASP, binding to either protein via its SH3 domain (Martinez-Quiles et al.,

2004). The interaction is stimulated by serine phosphorylation of cortactin by 

the MAP kinase, ERK. Furthermore, this stimulation can be reversed by 

tyrosine phosphorylation of cortactin by Src (Martinez-Quiles et al., 2004). 

Finally, an alternative model proposes that cortactin acts at the side of filaments 

to maintain the association of the Arp2/3 complex after N-WASP has activated it 

(Uruno et al., 2003a). This is based on observations that the affinity of cortactin 

for the Arp2/3 complex is strongly enhanced in the presence of branched F- 

actin. This model is also supported by experiments using Shigella to nucleate 

actin tails (see section 1 .3.1). While N-WASP is restricted to the tip of actin tails,

39



close to the bacterial surface, cortactin is found throughout the actin tail (Uruno 

et al., 2003a).

Compared with the Arp2/3 complex, the identification of nucléation promoting 

factors for formins is still in its infancy. Direct regulation by Rho-GTPases is 

described above (see 1.2.4). Formin activity may also be regulated by 

phosphorylation, since many have been shown to be phosphoproteins in vivo 

(Matheos et al., 2004; Vogt et al., 1993). For example, the yeast formin Bnilp 

has been shown to be substrate of the MAP-kinase Fus3p. Phosphorylation of 

Bnilp is essential to stimulate the formation of actin cables during budding in 

response to pheremones. It will be interesting to see what parallels can be 

drawn between the regulation of formins and that of the Arp2/3 complex.

Perhaps the most important emerging theme derived from studies of nucléation 

promoting factor regulation is that these proteins act as scaffolds for the 

assembly of a large number of different multiprotein complexes. By modifying 

the composition of such complexes, the level and localisation of actin 

polymerisation can be fine-tuned to suit the formation of different cellular 

structures. The following section describes in more detail a family of proteins 

that are intimately involved in this process, the Rho-GTPases.

1.2.6 Rho-GTPases

As discussed above, members of the Rho-GTPase family are crucial regulators 

of actin nucléation promoting factors such as WASP/N-WASP, WAVE and 

formins (Higgs and Pollard, 2001). However, their influence on the actin 

cytoskeleton extends further, playing a role in the regulation of numerous other 

signalling cascades that indirectly control actin dynamics and several other 

important cellular processes (Raftopoulou and Hall, 2004). They share a 

common mode of regulation, acting as switches by cycling between a GTP- 

bound (active) and GDP-bound (inactive) state (Figure 1.8 a). These activation 

states can be modified by guanine nucleotide exchange factors (GEFs), which 

promote activation by enhancing the release of GDP and its exchange for GTP,
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and by GTPase activating proteins (GAPs), which promote inactivation by 

stimulating the hydrolysis of GTP into GDP. Additionally, guanine nucleotide 

dissociation inhibitors (GDIs) prevent Rho-GTPase activation by stabilising the 

GDP-bound form (Raftopoulou and Hall, 2004).

The importance of three particular Rho-GTPases in controlling the actin 

cytoskeleton was highlighted in early studies, in which Rho and Rac were 

microinjected into serum-starved, cultured mammalian cells (Ridley and Hall, 

1992; Ridley et al., 1992). Microinjection of Rho into serum starved cells 

promoted the rapid assembly of stress fibres, unbranched actin/myosin-rich 

filament bundles that traverse the ventral surface of the cell, and are linked to 

the plasma membrane and extracellular matrix via focal adhesions (Ridley and 

Hall, 1992). Addition of serum to uninjected cells provoked a similar response. 

However, addition of a specific growth factor, PDGF, induced the formation of 

first membrane ruffles and then stress fibres in succession. Injection of a 

different Rho-GTPase, Rac, promoted a similar biphasic response (Ridley et al., 

1992).

The role of Rho-GTPases in this process was confirmed by microinjection of 

dominant negative Rho and Rac mutants, which are trapped in the GFP-bound 

state. Microinjection of inactive Rac blocked the formation of membrane ruffles 

in response to growth factors, whereas inactive Rho did not block ruffle 

formation but prevented the appearance of stress fibres (Ridley and Hall, 1992) 

(Ridley et al., 1992). In Abercrombie’s model of cell motility, contraction of 

fibres in the cell body is an important means by which extension of the leading 

edge is converted to directional movement of the cell as whole. Based on its 

ability to stimulate stress fibre formation, Rho was proposed to control 

actin/myosin-based contraction of the cell body during cell crawling, whereas 

Rac was proposed to be critical in the assembly of leading edge structures such 

as lamellipodia and membrane ruffles (Nobes and Hall, 1995a).

The contractile activity of actin/myosin filaments is regulated by phosphorylation 

of myosin light chain (MLC) - in general, phosphorylation of MLC at serine 19
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promotes contraction. Rho appears to influence this contraction mechanism by 

activating a serine/threonine kinase, ROCK (Figure 1.8b). ROCK may promote 

MLC phosphorylation in two different ways -  either by direct phosphorylation, or 

by blocking the interaction of myosin light-chain phosphatase (MLCP) with MLC 

(Amano et al., 1996; Totsukawa et al., 2000). However, the physiological 

relevance of either pathway is unclear, since MLC phosphorylation in vivo 

appears to be heavily dependent on high levels of intracellular Câ "̂ , which are 

required to activate myosin light-chain kinase (MLCK) (Adelstein et al., 1980). 

ROCK activation can also promote the stabilisation of F-actin filaments, as well 

as mediate their contractile properties. It does this by phosphorylating and 

activating LIM (Lin-11/lsl-1/Mec-3) kinase, which in turn phosphorylates and 

inactivates cofilin, inhibiting its ability to sever actin filaments (see 1.2.2) (Arber 

et al., 1998; Maekawa et al., 1999). Several other cytoskeletal ROCK 

substrates have been identified. These include adducin, a protein thought to be 

involved in connecting actin filaments to spectrin network (Fukata et al., 1999; 

Kimura et al., 1998).

Known targets of Rac include WAVE proteins and PAK (Figure 1.8 b) (Martin et 

al., 1995; Miki et al., 1998). Localised activation of WAVE proteins by Rac 

leads to formation of branched actin networks at the leading edge (see 1.2.5) 

(Miki et al., 1998). Meanwhile, PAK, like ROCK, phosphorylates and activates 

LIM kinase to inhibit cofilin-mediated filament severing (Dan et al., 2001).

While Rho and Rac are involved in the formation of stress fibres and membrane 

ruffles respectively, Cdc42 generates long, narrow actin-rich protrusions called 

filopodia, when microinjected into mammalian cells (Kozma et al., 1995; Nobes 

and Hall, 1995b). Whether filopodia play an important role in cell motility in vivo 

is unclear, although it has been suggested that they act as probes to detect 

chemotactic gradients (Zheng et al., 1996). Consistent with this, Cdc42 

appears to be required to establish directionality during cell migration (Allen et 

al., 1998; Chou et al., 2003). In addition to its role in activating WASP family 

proteins (see 1.2.5), Cdc42 can also activate PAK in the same way as Rac 

(Figure 1.8 b) (Martin et al., 1995).
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Perhaps the most important theme to emerge from studies of Rho-GTPases is 

the level of cross-talk between these three major pathways. From very early 

studies, a hierarchy of GTPases was apparent, with Cdc42, Rac and Rho 

forming a cascade in which Cdc42 promotes the activation of Rac, and Rac 

promotes the activation of Rho, However, the molecular basis for this pattern of 

interdependence is still not clear. Inhibitory cross-talk may also be important for 

Rho-GTPase function. For example, it is proposed that Rac can intervene in 

signalling downstream of Rho, perhaps by PAK-mediated phosphorylation and 

inactivation of MLCK (Sanders et al., 1999) (Brzeska et al., 2004). This may 

be a useful means to ensure that Rac and Rho activities are spatially separated 

within the cell -  Rac to the lamellipodium and Rho to the cell body.

Recently, the distinction between Rac and Cdc42 in generating lamellipodia and 

filopodia respectively has also become blurred. Since Rac activates WAVE 

proteins while Cdc42 stimulates WASP/N-WASP, it was initially suggested that 

WAVE proteins generate lamellipodia and WASP/N-WASP generate filopodia 

(Nakagawa et al., 2001). However, a more complex scheme has emerged. For 

example, RNA-interference in S2 cells of the Drosophila WAVE protein, SCAR, 

blocks both lamellipodium and filopodium formation, while depletion of WASP 

has little effect in this cell type (Rogers et al., 2003). This suggests that filopodia 

are somehow dependent on WAVE proteins and can form independently of 

WASP. FRET-based assays also show that both Cdc42 and Rac are active in 

protruding lamellipodia, and appear to behave synergistically in the formation of 

this structure (Aoki et al., 2004; Gardiner et al., 2002).

Despite their importance, Rho-GTPases must act in concert with many other 

regulatory factors to control actin nucléation and stability. Actin nucléation 

promoting factors act in multiprotein complexes. The assembly of complexes 

with slightly different components and at different times and cellular locations 

allows the subtle control of the cytoskeleton required for directional cell motility. 

The construction of such complexes with different "flavours" must obviously be 

controlled, and to a large extent, this is a result of transmembrane receptor-
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stimulated phosphotyrosine and lipid-mediated signalling. How these 

membrane-localised signals are translated into the assembly of actin-nucleation 

complexes is considered in the next section.

1.2.7 Signalling to actin

The central problem of signal transduction is that of specificity. It has become 

apparent that biological signals are not relayed in linear pathways, but are 

distributed diffusely around networks (Aloy and Russell, 2004). This means that 

most “signalling” proteins are multifunctional, and respond to a plethora of 

different upstream cues. In the context of actin-based motility, this means that 

an environmental trigger such as a chemokine or extracellular matrix stimulates 

a response which invokes not only proteins directly involved in the regulation of 

actin polymerisation, but also a huge number of proteins with the potential to 

control growth, mitosis, metabolism and apoptosis. The ability of signalling 

networks to select appropriate responses to different combinations of upstream 

signals allows the cell to adopt such varied forms of behaviour (Dumont et al., 

2001 ; Smith and Scott, 2002).

Extracellular cues are transmitted to the intracellular surface of the cell 

membrane via transmembrane receptors. These fall into three large families -  

the receptor tyrosine kinases (RTKs), receptor tyrosine phosphatases (RTFs), 

and heterotrimeric G-protein-coupled receptors (GPCRs). RTKs bind to 

extracellular ligands, inducing their dimérisation and allowing their intracellular 

tyrosine kinase domains to transphosphorylate neighbouring receptors and 

other membrane-localised substrates (Pawson, 2002). RTPs act in the 

opposite manner, by dephosphorylating nearby substrates, and can 

downregulate activation of RTKs (Zinn, 1998). The phosphorylation of both 

RTKs and RTPs generates docking sites for a variety of different proteins -  in 

this way, phosphorylated receptors become scaffolds for the assembly of large 

multiprotein complexes (Pawson, 2 0 0 2 ). In contrast, GPCRs primarily act 

through heterotrimeric G-proteins to elicit their functions. Binding of ligands to 

these seven-transmembrane domain proteins induces conformational changes
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that allow them to interact with intracellular, membrane-associated G-protein 

complexes (Yeagle and Albert, 2003). Activated G-proteins then dissociate to 

interact with many other downstream proteins (Brady and Limbird, 2002).

A number of the proteins that are initially recruited to activated RTKs have no 

catalytic activity, but instead act as adaptors that mediate the recruitment of 

further proteins. Adaptor proteins in general consist of several different 

domains that are known to mediate protein-protein interactions (Figure 1.9a) 

(Pawson and Nash, 2003). These domains are highly conserved modular units, 

found in a large number of different adaptor proteins and in varying 

combinations. Among these are the SH2 (Src homology-2) and SH3 domains 

(Src homology-3) domains, first identified in the protein kinase src (Stahl et al., 

1988).

SH2 domains specifically target phosphorylated tyrosine residues. Different 

SH2 domains recognise phosphotyrosines in different contexts, and are usually 

most sensitive to the three residues that follow it (Figure 1.9b) (Sheinerman et 

al., 2003; Waksman and Kuriyan, 2004). The interaction is dominated by the 

binding of phosphate to a conserved arginine residue, buried deep within a 

positively charged pocket of the SH2  domain. Specificity is achieved by 

numerous contacts between the sequence downstream of the phosphorylation 

site and the less well-conserved surface. The dependence of SH2 domain- 

mediated interactions on protein phosphorylation underlies their power as 

“molecular switches” within signal transduction networks.

In contrast, SH3 domains interact with poly-proline rich sequences, using highly 

extended binding interfaces (Figure 1.9c) (Zarrinpar et al., 2003). Interactions 

between poly-proline rich peptides and SH3 domains in vitro are moderately 

promiscuous, although in the context of full-length proteins, additional, more 

specific peripheral binding sites may have a significant impact. Specificity may 

also be enhanced by coupling several domains together, an evolutionary tool 

used by many different protein modules, including both SH2 and SH3 domains.
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Although SH3 domain-dependent interactions are usually assumed to be largely 

constitutive, different levels of regulation may control the binding of SH3 

domains to their targets. For example, the interaction of the PSTPIP SH3 

domain with the poly-proline rich domain of WASP has been shown to be 

inhibited by tyrosine phosphorylation of the SH3 domain (Wu et al., 1998). 

Protein conformation may also play a role -  the NADPH oxidase subunit 

p47(phox) contains three SH3 domains which appear to bundle together to form 

an inactive globular domain (Yuzawa et al., 2004). Upon deletion of a 

neighbouring autoinhibitory region, the SH3 domains extend into an accessible 

conformation. In general, SH3 domain-mediated interactions are considerably 

more diverse than those mediated by SH2 domains.

Nek and Grb2 are both examples of SH2/SH3-containing adaptor proteins. Nek 

has the domain structure SH3-SH3-SH3-SH2, while Grb2 has the arrangement 

SH3-SH2-SH3. Both were identified in screens to identify binding partners of 

the tyrosine phosphorylated epidermal growth factor receptor (EGFR) 

(Lowenstein et al., 1992; Margolis et al., 1992). Prior to the isolation of Grb2, its 

homologue in Caenorhabditis elegans, Sem-5 had been shown to be important 

in the regulation of vulval induction, a process that also requires receptor 

tyrosine kinases and the small GTPase Ras (Clark et al., 1992). Subsequent 

work revealed that Grb2 plays a pivotal role in the activation of Ras, by binding 

the Ras guanine-nucleotide exchange factor (GEF) Sos (Egan et al., 1993;

Gale et al., 1993; Rozakis-Adcock et al., 1993). Through its SH2-domain- 

dependendent interaction with tyrosine-phosphorylated receptors, Grb2 

concentrates Sos in membrane domains where Ras is tethered. Grb2  binds 

poly-proline rich motifs in Sos via both of its SH3 domains. However, these are 

also able to bind a large number of other poly-proline rich proteins, including 

dynamin, Vav and WASP/N-WASP (Carlier et al., 2000; Gout et al., 1993; 

Ramos-Morales et al., 1994; She et al., 1997).

The SH3 domains of Nck are similarly able recruit a large number of different 

poly-proline rich proteins, including WASP/N-WASP, PAK and WIP (Anton et 

al., 1998; Bokoch et al., 1996; Rivero-Lezcano et al., 1995; Rohatgi et al.,
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2001). The importance of Nck in actin-dependent processes is highlighted by 

the Drosophila mutant dreadlocks, in which the Drosophila Nck homologue, 

Dock, is mutated. These flies exhibit cell autonomous defects in the guidance of 

photoreceptor neuron axons (Garrity et al., 1996). Dock is required to recruit 

the serine/threonine kinase PAK to the growth cone, where it is activated by 

Rac and its GEF, Trio (Ring et al., 1999; Newsome et al., 2000). In mammalian 

cells, PAK is thought to acts through LIM kinase to inhibit cofilin, stabilising F- 

actin filaments (Dan et al., 2001).

The power of Nck in inducing actin polymerisation has also been illustrated by 

experiments in which Nck-clustering has been shown to be sufficient to initiate 

the formation of actin filaments. In one approach, the SH3 domains of Nck 

were coupled to a transmembrane domain that could be clustered by addition of 

an antibody (Rivera et al., 2004). Clustering of the Nck SH3 domains was 

sufficient to induce localised recruitment of WIP and N-WASP, and actin 

polymerisation via the Arp2/3 complex. In the second, a twelve amino acid 

phosphopeptide corresponding to the Nck-binding site of EPEC Tir (see 1.3.2), 

was shown to be sufficient to recruit Nck and promote actin polymerisation in 

vitro, when clustered on beads. (Campellone et al., 2004).

In general, Nck converts phosphotyrosine-based signals (through its SH2 

domain), via SH3-poly-proline interactions, into phosphoserine/ 

phosphothreonine-based signals. This pattern is a common theme in many 

signalling pathways identified so far. A second common theme in signalling by 

all families of receptors is the activation of a vast array of different enzymes that 

generate chemical “second messengers”. These are usually small, diffusible 

molecules that can be cytoplasmic or components of the plasma membrane. 

The generation of second messengers has two important functions -  both to 

amplify small extracellular signals into messages that are sufficient to influence 

cell behaviour, and to spatially increase the area of influence of the signal 

(Koutalos, 1999). For example, stimulation of GPCRs often results in 

heterotrimeric G-protein mediated-activation of adenylate cyclase, an enzyme
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which catalyses the conversion of ATP into cAMP (Simonds, 1999). cAMP can 

then stimulate the activity of protein kinase A (PKA) (Taylor et al., 2004).

Lipid-based second messengers are especially important in the context of actin- 

based motility, largely because of their ability to “label” different parts of the 

plasma membrane, a useful property for targeting actin-nucleation to specific 

regions of the cell periphery. Phosphoinositide 3-kinases (PISKs), for example, 

are able to generate phosphoinositide-3,4,5-triphosphate (PIP3) (Djordjevic and 

Driscoll, 2 0 0 2 ). Different PI3Ks are activated by either RTKs or GPCRs.

Locally synthesised PIP3 binds and recruits many different downstream 

proteins. A large number interact via their pleckstrin-homology (PH) domains, 

including the Rac GEF, Vav (Sanchez-Martin et al., 2004). Rac in turn can 

stimulate the activity of PI3K, generating a positive feedback loop that could act 

to amplify the spatial polarisation of the signal (Innocenti et al., 2003). PIP3 can 

also stimulate the activity of WAVE proteins directly, just as PIPg activates N- 

WASPA/VASP (Oikawa et al., 2004; Rohatgi et al., 1999).

Despite such a huge volume of data describing interactions between different 

signalling proteins and their sensitivity to upstream signals, coherent networks 

linking a particular guidance cue with the many different, spatially organised 

cytoskeletal responses required for chemotaxis are not forthcoming. For 

example, epidermal growth factor (EGF) was identified as a potent chemokine 

almost twenty years ago (Blay and Brown, 1985). Since then, an enormous 

number of signalling pathways downstream of the EGF receptor have been 

identified, and in many cases, connections with components involved in actin 

based motility have been described (Feldner and Brandt, 2002). Furthermore, 

inhibition of these pathways has been shown to block EGF-induced motility in 

many cases. However, the means by which these pathways act together in 

networks, and most importantly, the mechanisms by which they are organised 

spatially in response to a shallow gradient of extracellular cue, are poorly 

understood (Bourne and Weiner, 2002).
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Solving this problem is especially difficult, since not only is chemotactic 

movement in vivo dependent on a plethora of different extracellular cues, 

crawling behaviour also requires an equally diverse range of downstream 

responses. From the establishment of polarity, construction of the leading edge 

and formation of new adhesion complexes to contraction of the cell body and 

retraction of the rear, the dynamics of actin and microtubule assembly and 

disassembly must be highly specific to their position within the cell. Compared 

with this, the identification of signals linking a specific hormone with a more 

specific cellular response -  the expression of a particular gene for example, is 

relatively simple. Even in this case, the signalling “black box" which links 

hormone with transcription factor has often proved to be remarkably 

labyrinthine. Considering the above, it is not surprising that progress in cell 

motility has been significantly enhanced by work with highly simplified model 

systems.

To simplify the problem of chemotaxis, an ideal model would reduce both the 

number of upstream effectors and downstream responses. Using such an 

approach, it would be possible to begin answering basic questions, such as, 

how is it that a particular region of membrane can act as a site of F-actin 

nucléation and polymerisation, while a neighbouring region remains inert? The 

identification of intracellular pathogens that are able to locally stimulate actin 

polymerisation to promote their own motility marked an opportunity to fulfil this 

goal.

1.3 Actin-based motility of pathogens

A hallmark of pathogenic organisms is their ability to hijack the machinery of 

their hosts to promote their replication and spread. It has become apparent that 

the actin cytoskeleton and the signalling networks that control it are common 

targets of pathogens. Manipulating actin polymerisation can bring a range of 

benefits to an invading bacterium or virus. For pathogens at the cell surface, 

modifying the underlying cytoskeleton may enhance their uptake, their adhesion 

to a surface, or their spread away from the cell. Within the cell, deregulation of
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actin dynamics might aid viral morphogenesis, or promote the spread of 

intracellular bacteria around the cytoplasm (Frischknecht and Way, 2001).

1.3.1 Listeria and Shigella

Both Listeria monocytogenes and Shigella flexneri are intracellular bacteria that 

induce localised actin polymerisation. Each bacterium constructs at one pole of 

its surface a dynamic, actin-rich structure called an “actin tail”, the formation of 

which propels the bacterium through the cytoplasm in much the same way that 

actin polymerisation drives the protrusion of lamellipodia (Bernardini et al.,

1989; Prévost et al., 1992; Tilney and Portnoy, 1989). In both cases, single 

bacterial proteins have been identified that are responsible for the subsequent 

formation of actin tails (Bernardini et al., 1989; Kocks et al., 1992).

In the case of Listeria, the surface protein ActA was found to be required for 

intracellular motility, and was shown to be essential for efficient infectivity in an 

animal model (Domann et al., 1992). In the absence of ActA, Listeria 

monocytogenes is unable to spread effectively from cell to cell in a cultured 

monolayer (Tilney and Portnoy, 1989). ActA coupled to beads is sufficient to 

induce actin polymerisation at the bead surface in cytoplasmic extracts from 

uninfected cells, suggesting that not only is it necessary for actin tail-formation, 

it is sufficient (Cameron et al., 1999). Following the discovery of the Arp2/3 

complex, ActA was identified as the first protein capable of stimulating its actin 

nucleating activity in vitro (Welch et al., 1997b; Welch et al., 1998). It was 

subsequently shown that a region of ActA with strong similarity to the WA 

domains of WASP/WAVE proteins is able to bind to and activate the Arp2/3 

complex in an analogous manner (Figure 1.10) (Skoble et al., 2 0 0 0 ).

Both VASP and profilin are also recruited to ActA during actin-based motility 

(Ghakraborty et al., 1995; Theriot et al., 1994). VASP acts to enhance the rate 

and persistence of motility, while profilin is required for Listeria actin tail- 

formation in Xenopus egg extracts (Auerbuch et al., 2003; Theriot et al., 1994). 

However, a functional actin nucléation system can be reconstituted with purified
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Figure 1.10 Actin-based motility of Listeria, Shigeila and vaccinia.

Schematic figures of actin tail nucléation complexes identified in Listeria, Shigella, 

and vaccinia (left), with immunofluorescence images o f the actin tails formed by 

each organism (right, labelled with phalloidin). Possible interactions are indicated 

by Arrows or overlapping proteins indicate where interactions have been 

demonstrated experimentally. PolyPRO=proline-rich region, KR=basic lysine- 

arginine-rich motif, ABS=actin-binding sequence. A=acidic region, V=verprolin 

homology, C=KR-rich cofilin homolgy region, WH l=W iskott-A ldrich homology I 

domain, CRIB=Cdc42/Rac interactive binding motif, WBD=WASP-binding domain, 

NBD=Nck-binding domain, SH2=phosphotyrosine-binding Src-homology 2 domain, 

SH3=polyproline-binding Src-homology 3 domain. From Frischknecht and Way, 2001
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protein components, and in this context, ActA (concentrated on beads), Arp2/3 

complex, G-actin, cofilin, and capping protein are sufficient for the formation of 

branched actin filaments (Carlier et al., 2003). Profilin and VASP both enhance 

the process in vitro.

The actin-based motility of Shigella is also dependent on the Arp2/3 complex, 

but requires in addition a nucleation-promoting factor in the form of N-WASP 

(Suzuki et al., 1998). Like ActA, the Shigella protein IcsA is localised to one 

pole of the bacterial surface, and is necessary for actin tail formation and cell- 

to-cell spread in cultured monolayers (Bernardini et al., 1989). When expressed 

ectopically by E. coll, IcsA is sufficient to generate Shigella-Wke actin tails in E. 

co//infected cells (Goldberg and Theriot, 1995; Kocks et al., 1995).

Rather than mimicking N-WASP, IcsA acts to recruit endogenous N-WASP to 

the bacterial surface (Figure 1.10) (Suzuki et al., 1998). N-WASP mutants that 

are unable to bind the Arp2/3 complex act as dominant negatives, being 

recruited to Shigella and blocking the formation of actin tails (Suzuki et al., 

1998). Unlike Listeria, Shigella is unable to form actin tails in an N-WASP null 

cell line, demonstrating its essential role in the process (Snapper et al., 2001). 

Additionally, both Nek and WIP are recruited to Shigella forming actin tails, 

although dominant negative studies suggest that neither protein is required for 

actin nucléation to occur (Moreau et al., 2000).

N-WASP recruitment by IcsA requires the Rho GTPase-binding domain of N- 

WASP, although this interaction appears to be different to that between Cdc42 

and N-WASP (Lommel et al., 2001). Indeed, both Cdc42 and IcsA can bind N- 

WASP simultaneously in vitro (Suzuki et al., 2000). Furthermore, experiments 

in N-WASP null cells reveal an additional level of complexity, in that IcsA 

recruits the WH1 domain of N-WASP in the null background (Suzuki et al.,

2002). It is not known whether this interaction is direct, or whether it has any 

relevance to N-WASP activation.
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1.3.2 Enteropathogenic E. coli

Unlike Listeria and Shigella, enteropathogenic E. coli (EPEC) modulates the 

actin cytoskeleton from outside the cell to which it has adhered. It stimulates 

actin polymerisation at the plasma membrane beneath its site of attachment, 

forming a so-called “pedestal” (Campellone and Leong, 2003). In the intestinal 

mucosa, where EPEC resides during infection, pedestal formation enhances 

the attachment of the bacterium to the wall of the gut (Cleary et al., 2004; Law, 

1994).

Pedestal formation by EPEC depends on a bacterial protein, the translocated 

intimin receptor (Tir) (Kenny et al., 1997). Tir is secreted via a type-1 II secretion 

system into the host cytoplasm, where it is inserted into the host plasma 

membrane (Gauthier and Finlay, 2003). Its extracellular domain binds to the 

bacterial protein, intimin, enhancing the adhesion of the bacterium to the cell 

(Hartland et al., 1999). Interaction between intimin and Tir is required for 

pedestal formation (Kenny et al., 1997).

Interestingly, a close relative of EPEC, enterohaemorrhagic E. coli (EHEC), 

able to induce pedestals using an apparently different mechanism to EPEC. 

During infection, EPEC Tir becomes tyrosine phosphorylated, an event which 

fails to occur in EHEC (DeVinney et al., 1999). Comparison of the sequences 

of EPEC and EHEC Tir reveals a single tyrosine residue, Y474, that is present 

in the former and absent in the latter. This tyrosine was shown to be 

phosphorylated in EPEC infections, and acts as a binding site for Nek 

(Gruenheid et al., 2001 ; Kenny, 1999). Recruitment of Nek by phosphorylated 

Y474 is essential for EPEC pedestal formation to occur. In contrast, EHEC 

pedestal formation is independent of both Tir tyrosine phosphorylation and of 

Nek (Campellone et al., 2002; Lommel et al., 2004). However, like Shigella and 

Listeria actin tail-formation, the assembly of EPEC and EHEC pedestals 

requires N-WASP and the Arp2/3 complex, both of which are recruited to sites 

of bacterial adhesion (Lommel et al., 2004).

55



1.3.3 Vaccinia virus

Whereas EPEC induces actin polymerisation upon initial binding to the host 

cell, vaccinia virus uses actin-based motility to enhance its spread away from 

the host. Two different morphological forms of vaccinia are assembled in the 

cytoplasm, close to the microtubule organising centre (MTOC) (Smith et al.,

2002). The intracellular enveloped virus (lEV) form migrate to the cell periphery 

using kinesin-driven, microtubule-based transport (see 2.3.1 for a more detailed 

description of the vaccinia life-cycle) (Hollinshead et al., 2001 ; Rietdorf et al., 

2001 ; Ward and Moss, 2001a). After fusing with the plasma membrane, viral 

transmembrane proteins induce a localised signalling cascade that results in 

the formation of an actin tail, propelling the virus towards neighbouring cells 

(Cudmore et al., 1995).

A single viral membrane protein, encoded by the gene A36R, was identified 

whose deletion completely ablates actin tail formation without ablating the 

formation of lEV particles (Rottger et al., 1999; Sanderson et al., 1998a; Wolffe 

et al., 1998). Transient expression of A36R in cells infected with a virus in which 

A36R is deleted (AA36R), rescues actin tail formation (Frischknecht et al., 

1999c). Using immunofluorescence microscopy, it was initially observed that 

actin tail-forming virus particles label with antibodies specific for 

phosphotyrosine (Frischknecht et al., 1999b). It was subsequently shown by 

western blotting that A36R is tyrosine phosphorylated in infected cells. A 

mutational analysis identified two tyrosine phosphorylation sites in A36R, Y112 

and Y132 (Frischknecht et al., 1999c). Mutation of Y112 to phenylalanine 

(Y112F) significantly reduces the ability of A36R to rescue actin tail formation in 

AA36R virus-infected cells. However, complete ablation of actin tails and of 

A36R phosphorylation requires mutation of both Y112 and Y132 (so-called 

YdF). Phosphorylation of Y112 is inhibited by both the src-family kinase inhibitor 

PP2 and expression of dominant negative, kinase-dead src, which is also 

recruited to virus particles (Frischknecht et al., 1999c).

In common with Shigella, vaccinia virus particles forming actin tails also recruit

Nek, WIP, N-WASP and the Arp2/3 complex (Figure 1.10) (Moreau et al., 2000).
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However, while Shigella IcsA appears to recruit N-WASP directly, vaccinia 

A36R interacts directly with Nek (Frischknecht et al., 1999c). Phosphorylated 

Y112 (Y112P) is a binding site for the SH2 domain of Nek in vitro, and 

expression of the Nek SH2 domain in infected cells blocks the recruitment of 

WIP and N-WASP to virus particles (Frischknecht et al., 1999c). Experiments 

using deletion mutants of both WIP and N-WASP suggest that Nek recruits the 

poly-proline rich region of WIP, and WIP binds the WH1 domain of N-WASP 

(Moreau et al., 2000). However, in N-WASP null cells, neither WIP nor Nek are 

recruited to A36R (Snapper et al., 2001). It is therefore possible that N-WASP is 

required for the assembly of a NckAA/IP complex capable of stable interaction 

with A36R in vivo.

Remarkably, Shigella, Listeria, EPEC and vaccinia all appear to hijack the same 

signalling network to construct actin tails and pedestals (Figure 1.10). Each 

pathogen intercepts the pathway at a different level, and directs the formation of 

actin-nucleating complexes with slightly different subunit composition and 

activity. In this way, intracellular pathogens, especially vaccinia and EPEC, 

mimic the activity of receptor tyrosine kinases at the plasma membrane. By 

revealing the mechanisms by which pathogens such as vaccinia assemble 

complexes of host proteins, we can gain insights into the mechanisms by which 

chemokines and other guidance cues may control the assembly of structures 

within the motile cell.
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Chapter 2

Introduction: The centrosome

2.1 Centrosome structure and function

2.1.1 Origins and functions of centrosomes and basal bodies

While actin filament nucléation in eukaryotic cells tends to be associated with 

the surfaces of membranes, much of the cell’s microtubule nucleating capacity 

lies at the centrosome, at the heart of the cell (Bornens, 2002). Despite its 

small size (1 - 2  the centrosome was identified in the nineteenth century, 

and named over one hundred years ago by Theodor Boveri, who noted its 

central location and its apparent ability to organise fibrous structures within the 

cell (Boveri, 1887).

Like actin, microtubules are polar because of the intrinsic polarity of the a/p-

tubulin heterodimers from which they are constructed (Li et al., 2002; Meurer-

Grob et al., 2001). These heterodimers self-associate into linear protofilaments.

In most circumstances, thirteen protofilaments are arranged in a staggered

pattern to form hollow tubules with a diameter of 25 nm. The so-called “minus”

end is relatively stable and normally tethered to the centrosome, while the

microtubule plus end is more dynamic, and in interphase can extend to the cell

periphery. During mitosis, microtubule plus ends are responsible for the

capture, alignment and segregation of chromosomes (Karsenti and Vernos,

2001). In flagellated eukaryotic cells, a structural variant of the centrosome, the

basal body, is the organising centre for the flagellum (Beisson and Wright,

2003). Basal bodies and centrosomes can functionally interconvert -  in

mammalian spermatogenesis for example, the centrosome becomes the

organising centre for the sperm flagellum, while in Chlamydomonas, basal

bodies act as centrosomes during mitosis (Dutcher, 2003; Li et al., 1998). In

yeasts, the spindle pole body (SPB) is the functional equivalent of the

centrosome, and although its structure is radically different, most SPB

components have centrosomal equivalents in animals (Helfant, 2002). Its
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apparently less complex organisation therefore serves as a useful model for the 

animal cell centrosome.

The origins of the animal microtubule network and centrosome are a subject of 

intense controversy. In 1975, Lynn Margulis proposed that the centrosome and 

microtubule network arose in eukaryotes as a result of an endosymbiotic event 

between the ancestral urkaryote and the predecessors of a filamentous family 

of bacteria, the spirochetes (Margulis, 1975). This idea was supported by 

theories suggesting that both mitochondria and chloroplasts are similarly 

derived from symbiotic internalisation of different bacterial species (Taylor, 

1987). However, while mitochondria and chloroplasts carry genomes whose 

subsequent sequencing bore testament to their bacterial ancestry, the 

centrosome contains no genetic information to support this claim. Furthermore, 

the spirochete flagellum is composed of the protein flagellin and not tubulin, and 

attempts to identify a tubulin gene in the spirochete genome have been 

unsuccessful (Munson et al., 1993).

Prokaryotes do however possess a gene with some sequence similarity to 

eukaryotic tubulins (Amos et al., 2004). FtsZ appears to play an important role 

in bacterial cell division, and localises to the contractile septation ring (a 

structure whose eukaryotic functional equivalent is formed by actin/myosin 

filaments) (de Boer et al., 1992). FtsZ, like tubulin, also forms filaments in vitro, 

lending further support to the idea that FtsZ and tubulin are related (Lowe and 

Amos, 2000). Whether the two are related filially, from the shared ancestor of 

eukaryotes and prokaryotes, or whether the gene was acquired through 

endosymbiosis, both genes operate together in the eukaryotic cell. FtsZ 

homologues are present in the genomes of primitive mitochondria and 

chloroplasts, where they are thought to play a role in the replication of these 

organelles (Miyagishima et al., 2003).

Whatever the origins of the microtubule network, its dependence on the 

centrosome has been progressively downgraded over recent years (Raff,

2001 ). It has long been known that higher plant cells and even a number of
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meiotic animal cells do not contain centrosomes and yet are still able to 

undergo cell division efficiently (Liu et al., 1993). In vitro, it was shown that the 

assembly of mitotic spindles does not require centrosomes, and is instead an 

intrinsic property of the polarity of microtubules and their interactions with motor 

proteins (Heald et al., 1996; Hyman and Karsenti, 1996). Some mathematical 

models have gone so far as to propose that the radial array of microtubules in 

interphase does not even require motor protein activity, but instead is a natural 

result of microtubule treadmilling within the spatial constraints imposed by the 

plasma membrane (Maly and Borisy, 2002). Further experiments revealed that 

animal development might be possible in the absence of mitotic centrosomes. 

Astonishingly, a Drosophila mutant that lacks centrosomin (Cnn) function, a 

gene required for centrosome integrity during mitosis, undergoes almost normal 

development (Megraw et al., 2001). However, cnn flies are sterile, and so 

maternally contributed centrosomin from heterozygous mothers is still present 

during early embryonic divisions. Importantly, cnn flies are also likely to have 

relatively normal interphase centrosome function.

While the centrosome may not be essential for the assembly of the mitotic 

spindle in animal cells, its known roles throughout the cell cycle have become 

progressively more diverse (Doxsey, 2001). For example, although mammalian 

tissue culture cells in which the centrosome has been ablated are capable of 

forming normal spindles, either cytokinesis or subsequent progression of S- 

phase tends to fail (Khodjakov et al., 2000). As discussed below, the 

centrosome has slowly revealed its importance in the control of signal 

transduction networks that regulate diverse cellular functions including cell- 

cycle progression, nucleocytoplasmic transport, and the stress response.

2.1.2 Centrosome structure

At the core of the centrosome are two microtubule-based structures, the 

centrioles (Figure 2 .1 a). Each centriole comprises nine blades of usually triplet, 

a/|3-tubulin microtubules arranged in a barrel-like pattern (each blade contains 

one complete, circular microtubule with two incomplete microtubules attached in
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Figure 2.1 The centrosome. a Thin-section electron micrograph of 

the centrosome in Chinese hamster ovary cells. Insert is magnified 4.7 x.

Scale bar 1 pim. Image from Kuriyama et. al, 1981. b Schematic figure showing 

localisations o f different centrosomal proteins, y-tubulin, centrin, AKAP450 and 

pericentrin localise to both the centrioles and the pericentriolar material, although 

centrin localises specifically to the distal ends of the centioles whereas the remainder 

are largely proximal. Ninein, C -N apl, Nek2 and PPl are thought to be centriole 

specific, with ninein concentrating particularly in the distal appendages. Figure from 

Bornens, 2002. 0 -j



line - in some cells, including those in the early embryos of C. elegans and 

Drosophila contain centrioles composed of doublet or singlet microtubules) 

(Moritz et al., 1995; Wolf et al., 1978). In the G1 phase of the cell cycle, the two 

centrioles are oriented at 90° with respect to each other, and are connected via 

a network of fibres at their proximal ends. One centriole, the daughter, is 

generated during the preceding S-phase, while the so-called mother centriole, 

from which the daughter centriole is derived, is generated as a daughter 

centriole in the S-phase preceding that (Stearns, 2 0 0 1 ). The mother centriole is 

characterised by distal and sub-distal appendages, and a number of mother 

centriole-specific proteins such as e-tubulin, ninein and centrin, have been 

identified (Figure 2.1b) (Chang et al., 2003; Ou et al., 2002; Ruiz-Binder et al.,

2 0 0 2 ).

Surrounding the centrioles is a matrix of protein complexes, the pericentriolar 

material (PCM). A major component of the PCM comprises a large number of 

different coiled-coil proteins, such as pericentrin, which are proposed to form a 

structural lattice for the recruitment of additional protein complexes required for 

microtubule nucléation (Salisbury, 2003b). The most important of these is likely 

to be the y-tubulin ring complex (yTuRC) (Moritz et al., 2000). y-tubulin is 

concentrated at centrosomes, and forms ring-shaped complexes thought to be 

directly responsible for the nucléation of microtubule protofilaments and their 

association to form microtubules (Moritz and Agard, 2001). Simple yTuRCs are 

found in budding yeast, whereas yTuRCs in higher organisms tend to form 

higher-order macromolecular assemblies (Vinh et al., 2002). Conflicting models 

for the organisation of these complexes and their mechanism of microtubule 

nucléation have yet to be resolved (Job et al., 2003).

The PCM is also host to an array of different signalling proteins, including 

kinases, phosphatases and scaffolding proteins. Many play a role in regulating 

centrosome structure and function (see 2 .2 .2 ), whereas others appear to use 

the centrosome as an effective means of concentrating their activity in a 

particular cellular location (Diviani and Scott, 2001 ; Lange, 2002). The 

localisation of many PCM components is dependent on the minus end-directed
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motor activity of cytoplasmic dynein, which acts to deliver many centrosome 

components to the centrioles (Blagden and Glover, 2003; Merdes and 

Cleveland, 1997).

Microtubule-based motor proteins are also involved in the organisation of the 

mitotic spindle, and in regulating the position of the centrosome with respect to 

the rest of the cell, especially during mitosis (Burakov et al., 2003; Robinson et 

al., 1999). In interphase, sites of microtubule minus-end attachment appear to 

be different from their original sites of nucléation. The mother centriole sub- 

distal appendages in particular act as important docking sites for microtubule 

minus ends (Bornens, 2002). In some cell types, such as polarised epithelial 

cells, microtubules may be transported to different locations for attachment at 

distant sites, and microtubule motors are also likely to be important for this 

process (Bornens, 2002).

Above all, centrosome structure is highly dynamic, varying considerably in size 

during the cell cycle (Salisbury, 2003a). Like chromosomes, the centrosome is 

also capable of duplicating once and once only during cell division. However, 

while a mechanism for chromosome duplication was immediately apparent from 

the discovery of the structure of DMA, the mechanism by which centrosome 

duplication occurs is still shrouded in mystery.

2.1.3 Control of centrosome number

The ability of the centrosome to duplicate once and once only in each round of 

the cell cycle is essential for the maintenance of genomic stability, since the 

number of centrosomes present directly determines the number of spindle poles 

that will form during mitosis. To minimise the formation of mitotic aberrations, 

centrosome duplication is intimately linked to the progression of the cell cycle, 

and is subject to the same regulatory pathways (Delattre and Gonczy, 2004).

Centrosome duplication is initiated at the G1 /S transition, at which point the 

centrioles disorient with respect to each other (although the centrioles remain
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attached via proximal fibres) (Figure 2.2) (Kuriyama and Borisy, 1981).

Daughter procentrioles then form at the proximal end of each centriole, 

perpendicular to the axis of the mother. These procentrioles continue to 

elongate throughout G2, although the four centrioles continue to function as a 

single centrosome until the onset of mitosis.

As the cell approaches mitosis, the PCM rapidly grows, recruiting a large 

number of different proteins including additional yTuRCs, in a process known as 

centrosome maturation (Blagden and Glover, 2003). The centrosome then 

separates in two halves, each containing one mother and one daughter 

centriole, before they both migrate to position the mitotic spindle. Following 

spindle assembly and anaphase, during the final stages of cytokinesis, the 

maternal centriole separates from the daughter centriole and approaches 

microtubule-rich intercellular bridge that connects the two daughter cells (Riel et 

al., 2001). This migration appears to be important to stimulate the disassembly 

of the bridge, promoting the final separation between the two cells. The mother 

centriole then finally returns to its position close to the daughter centriole, 

awaiting the next G1 /S transition. The molecular events thought to regulate 

these steps are discussed in detail in section 2 .2 .

There are four possible mechanisms by which this process can fail, leading to 

the formation of supernumerary centrosomes (Nigg, 2002). Firstly, centrosomes 

may reduplicate inappropriately during S-phase. However, such reduplication is 

usually only seen if DNA-replication has been stalled or slowed significantly, 

perhaps by treatment with drugs such as aphidicolin (Balczon et al., 1995).

Even under these circumstances, many cells arrest both DMA replication and 

centrosome duplication, preventing inappropriate reduplication. DMA replication 

is limited to once per cell cycle by a so-called licensing mechanism, which 

ensures that newly synthesised DMA is not a competent template for replication 

(Blow and Hodgson, 2002). Evidence for this licensing mechanism initially 

came from elegant cell fusion experiments in which the behaviour of nucleii in a 

particular cell-cycle stage could be observed following fusion with a cell from a 

different stage of the cell cycle (Rao and Johnson, 1970). Using an almost
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Figure 2.2 The centrosome duplication cycle. Schematic figure

with the cell cycle. The black centriole is the mother, while the grey centriole 

is the daughter which becomes a mother. White centrioles are the resulting 

daughter centrioles. Centriolar protrusions are sub-distal appendages. The 

stages are labelled as followed: A - disorientation, B - duplication,

C - daughter centriole elongation, D - separation, E - maturation,

F - polar migration. Figure from Delattre and Gonczy, 2004.
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identical approach, it has been shown that a centrosome-intrinsic licensing 

mechanism that prevents newly formed centrosomes from reduplicating until 

the next round of the cell cycle (Wong and Stearns, 2003). The molecular basis 

of this licensing system has not yet been identified.

The second route for cells to acquire supernumerary centrosomes is via failure 

of cytokinesis, if centrosomes duplicate normally during S-phase but fail to be 

segregated into separate daughter cells during mitosis, both centrosome 

number and ploidy will be inappropriately doubled. Under normal 

circumstances, such “damaged” cells would be targeted for apoptosis through 

activation of the p53 pathway (Norbury and Zhivotovsky, 2004). However, in 

many tumours, the p53 pathway is inactivated (Hickman et al., 2002). 

Furthermore, loss of centrosome number control is a common feature of most 

p53-null cell lines; this fact led to the proposal that p53 directly blocks 

centrosome reduplication in a single S-phase (Fukasawa et al., 1996).

However, the balance of evidence suggests that centrosome amplification in 

p53-null cell lines is a result of their inability to undergo apoptosis or arrest 

following cytokinetic errors (Meraldi et al., 2002). For example, loss of p53 

does not lead inevitably to centrosome amplification. Disruption of cytokinesis 

by overexpression of AuroraA kinase (see 2.2.2) leads to the formation of 

supernumerary centrosomes, and this phenotype is enhanced by loss of p53 

(Meraldi et al., 2002).

Centrosome number may also be increased by cell fusion, although examples 

of this process are rare. Cell fusion is important physiologically in the formation 

of muscle cells via fusion of myoblasts, although in this context centrosomes 

are apparently destroyed by an unknown mechanism (Tassin et al., 1985). 

Many viruses also induce cell fusion, and the behaviour of centrosomes in 

these circumstances has been characterised in some cases. For example, 

during infection of cell monolayers with the paromyxovirus, simian virus 5, 

centrosomes aggregate to form a single functional organising centre, in a 

microtubule-dependent manner (Wang et al., 1979; Watt et al., 1980).
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Finally, centrosomes may in some circumstances form de novo, in the absence 

of any obvious centriolar parent. This process is especially important during 

fertilisation in some species. In most animals, sperm cells carry a centriole pair 

that lacks PCM, while the oocyte centrioles are lost or silenced, either during 

meiosis or following fertilisation. The first functional centrosome forms following 

fertilisation from the sperm derived centrioles and maternally derived PCM 

(Schatten, 1994). However, in mouse embryos for example, early divisions of 

the cell occur in the absence of detectable centrosomes (Palacios et al., 1993). 

Centrosomes then appear de novo at the preimplantation stage, possibly 

forming from y-tubulin-rich aggregates (Palacios et al., 1993). Plants that 

generate flagellated sperm are also capable of do novo basal body synthesis 

(Renzaglia and Maden, 2000). Even in cultured mammalian cells in which 

centrosomes have been ablated by laser microsurgery, centrosomes may form 

from no apparent template, although the number formed is apparently not 

subject to normal controls (Khodjakov et al., 2002).

Whatever the means of their formation, the presence of extra centrosomes may 

have disastrous consequences for the genomic stability of the cell, and is 

therefore likely to be a route by which the development of cancer is accelerated 

(Nigg, 2002). Because of this, unravelling the signals that regulate the 

centrosome cycle and centrosome stability has become an important aim for 

cancer research. The next section summarises recent findings, with particular 

reference to the roles of different protein kinases and phosphatases in the 

progression of the centrosome cycle.

2.2 Signals regulating the centrosome

2.2.1 Regulating the centrosome cycle

A large number of different genes have been identified to play a role in the

process of centrosome duplication, although in most cases it has been difficult

to attribute specific functions to them. For this reason, a coherent picture of how

these gene products act together to control centrosome duplication is still a

seemingly distant prospect. In general, the processes require four distinct
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forms of regulation. Perhaps the most important of these is protein 

phosphorylation (see 2 .2 .2 ), since progression between many of the steps in 

the centrosome cycle appears to require the activity of specific proteins kinases 

(Fry et al., 2000b). Secondly, control of protein stability by posttranslational 

modifications such as ubiquitination and sumoylation may also play an 

important role, since disruption of proteasome activity by drugs and inhibitory 

antibodies can dramatically influence centrosome number, blocking duplication 

(Freed et al., 1999). Thirdly, a large number of genes involved in cell-cycle 

checkpoints, including p53 and retinoblastoma protein (pRB) can disrupt 

controls on centrosome number, although the precise pathways involved in their 

action are unclear (Tarapore and Fukasawa, 2 0 0 2 ). Finally, motor protein 

activity is required to generate the changes in centriole positioning which occur 

both at the beginning and at the end of mitosis, and may also play a crucial part 

in the recruitment of PCM during centrosome maturation (Blagden and Glover, 

2003).

2.2.2 Protein phosphorylation at the centrosome

The activities of a number of different protein kinases are especially important in 

controlling progression of the centrosome cycle and centrosome stability 

(Figure 2.3). The roles of each of these kinases are considered below.

Cdk2 and Mpsi : Synchronisation

The signal that initiates centriole duplication and ensures its synchrony with the 

rest of the cell cycle appears to require the activity of cyclin-dependent kinase 2  

(Cdk2) and cyclin E/A, since Cdk2  inhibition blocks the initial disorientation of 

centrioles at the G1 /S transition (Hinchcliffe et al., 1999; Lacey et al., 1999).

How this kinase activity stimulates duplication is a matter of intense debate. 

Three Cdk2  substrates have so far been proposed to regulate the initiation of 

duplication. The first, nucleophosmin, associates with the centrosome during 

mitosis (Okuda et al., 2000). Phosphorylation of nucleophosmin by Cdk2  

results in its dissociation from the centrosome at the G1/S transition (Okuda et 

al., 2000). Secondly, Cdk2  phosphorylates and stabilises the dual specificity
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kinase Mps1, whose role in centrosome duplication is especially controversial 

(Fisk and Winey, 2001). Mpsi is primarily required for activation of the spindle 

assembly checkpoint (Hardwick et al., 1996). However, conflicting evidence 

suggests that Mpsi may or may not localise to the centrosome, and may or 

may not be required for the initiation of centrosome duplication (Stucke et al., 

2 0 0 2 ; Winey and Huneycutt, 2002). Finally, Cdk2  phosphorylates the coiled- 

coil protein CP110, a PCM component whose depletion by RNA-interference 

(RNAi) blocks centrosome reduplication following inhibition of DMA replication 

(Chen et al., 2002).

ZYG-1 : Daughter centriole formation

ZYG-1 is a predicted serine/threonine kinase, identified in C. elegans as 

essential for the formation of a bipolar spindle during early embryonic divisions 

(O'Connell et al., 2001). Although zyg-1 loss-of-function has no effect on cell 

cycle progression as assessed by onset of DMA synthesis and nuclear 

envelope breakdown, zyg-1 mutant cells form monopolar spindles. Both 

maternally and paternally derived ZYG-1 is required for normal development: 

duplication of the sperm centriole during spermatogenesis requires paternal 

ZYG-1 while subsequent duplication of the centrosome in the fertilised oocyte 

requires maternal ZYG-1 (O'Connell et al., 2001). These defects suggest that 

ZYG-1 is specifically required for the initiation of daughter centriole formation.

Interestingly, ZYG-1 localises to the centrosome only during mitosis in C. 

elegans (O'Connell et al., 2001). Given that daughter centriole formation occurs 

after the G1/S transition, this timing might seem unusual. It may be that ZYG-1 

acts to phosphorylate and thus license” centrosome components that are only 

mobilised after activation the synchronisation signals described above. 

However, since G1 occurs rapidly in C. elegans early embryogenesis, ZYG-1 

activity may overlap with the onset of daughter centriole formation despite its 

transience.

So far, a substrate for ZYG-1 has not been identified. However, a number of 

other proteins are known to act at a similar point in the centrosome cycle. For
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example, the importance of y-tubulin for daughter centriole nucléation was 

shown by its depletion in Paramecium (Ruiz et al., 1999). In the absence of y- 

tubulin, basal body centrioles fail to duplicate, and singlet basal bodies are 

formed. Another tubulin-family member, e-tubulin, which localises to the sub- 

distal appendages, is involved in daughter centriole extension in 

Chlamydomonas (Dutcher et al., 2002). In particular, e-tubulin is required for 

the formation of doublet and triplet microtubule blades.

Using RNAi, it was shown that centrin-2 is also required for daughter centriole 

synthesis in HeLa cells (Salisbury et al., 2002). Centrins are Câ "̂  binding 

proteins that localise both to the centriolar lumen and to a number of 

surrounding fibres (Paoletti et al., 1996). The fission yeast homologue, Cdc31p 

localises to a region of the SPB called the half-bridge, which connects the 

original SPB to its daughter (Paoletti et al., 2003). In the green alga,

Tetraselmis striata, where they were initially identified, centrins localise to the 

striated flagellar roots, a structure containing fine fibres that contract upon 

stimulation with Câ "̂  (McFadden et al., 1987). It was recently shown that 

centrins bind a newly identified component of the centrosome, S filp (Kilmartin,

2003). S filp contains 17 (in S. cerevisiae) to 23 (in humans) centrin-binding 

repeats. This finding, combined with our knowledge of centrin function in 

striated flagellar roots, led to the proposal that S filp forms fibres decorated with 

centrins. Upon Ca^'’ stimulation, the Sfilp fibres would contract, possibly driving 

structural rearrangements in the centrosome required for the initiation of 

daughter centriole assembly.

Finally, a coiled-coil protein component of the centrioles, SAS-4, is also 

proposed to be involved in the process (Leidel and Gonczy, 2003). FRAP 

(fluorescence recovery after photobleaching)-based experiments demonstrate 

that SAS-4 remains stably associated with centrioles, and is incorporated into 

daughter centrioles as they form (Leidel and Gonczy, 2003). Interestingly, the 

level of SAS-4 incorporation then appears to determine the level of subsequent 

PGM recruitment and thus centrosome size, thus providing a mechanistic link 

between centriole duplication and centrosome maturation (Salisbury, 2003a).
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Nek2: Centrosome separation

Following daughter centriole formation, during the G2 phase of the cell cycle, 

the centrosome splits in two. This splitting event seems to involve the activity of 

the serine/threonine kinase, Nek2 (Fry, 2002). Nek2 is a mammalian member 

of the NIMA-related kinase family (never in mitosis gene A), whose founder 

member was identified in the fungus Aspergillus nidulans (Osmani et al., 1987). 

In Aspergillus, cells lacking NIMA are unable to enter mitosis, whereas NIMA 

overexpression promotes premature nuclear envelope breakdown, chromatin 

condensation and spindle formation (Osmani et al., 1988). Overexpression of 

Nek2 in mammalian cells results in rapid, premature centrosome splitting, 

although unlike NIMA, Nek2 does not induce any other signs of mitotic 

progression (Fry et al., 1998b).

Nek2 is expressed as two splice variants in human cells (Nek2A and Nek2B), 

both of which localise constitutively to the centrosome in a microtubule- 

independent manner (Names and Fry, 2002). Levels of Nek2A and Nek2B 

fluctuate through the cell cycle, accumulating rapidly at the G1 /S transition, and 

undergoing degradation at the beginning (Nek2A) or end (Nek2B) of mitosis 

(Names and Fry, 2002). Closer observation reveals that Nek2 is preferentially 

localised to the proximal ends of centrioles (Fry et al., 1998a). A Nek2 binding 

partner, C-NAP1 (centrosomal Nek2-associated protein 1), was identified and 

found to colocalise with Nek2 at the proximal ends of centrioles (Fry et al., 

1998a). Injection of cultured mammalian cells with antibodies specific for 0- 

NAP1 also results in a centrosome splitting phenotype, and this led to the 

proposal that C-NAP1 is a component of the connection between the original 

mother and daughter centrioles that is thought to remain following centrosome 

disorientation in G1 (Mayor et al., 2000). Direct evidence for this connection is 

still however weak.

C-NAP1 and Nek2 form a complex with the serine/threonine phosphatase PPl 

(Helps et al., 2000). Nek2 phosphorylates both itself and C-NAP1, whereas 

PPl can dephosphorylate both (Nelps et al., 2000). PPl appears to oppose the
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action of Nek2, in that PP1 overexpression can block Nek2 dependent 

centrosome splitting (Helps et al., 2000). The mechanism by which 

phosphorylation of C-NAP1 by Nek2 results in splitting is still unknown, as is the 

mechanism regulating the balance between the activities of Nek2 and P P l. 

Furthermore, a number of other kinases have been shown to induce 

centrosome splitting when overexpressed or inappropriately activated. These 

include Cdk2 and PKA (Meraldi and Nigg, 2001). Whether these act via Nek2 or 

via an independent pathway remains to be seen.

While most studies using Nek2 have focussed on centrosome splitting, there is 

emerging evidence to suggest that it plays a number of different roles in 

regulating centrosome stability, spindle formation and cell-cycle progression 

(Fry, 2002). Nek2B depletion blocks the formation of functional centrosomes 

from sperm basal bodies in vitro, and inhibitory Nek2 antibodies cause 

centrosome fragmentation and aberrant spindle formation (Faragher and Fry, 

2003; Fry et al., 2000a). However, the extent to which these phenotypes are a 

result of disruption or depletion of Nek2-associated proteins is unclear. A 

clearer picture may be obtained from RNAi-mediated ablation of Nek2 

expression. Recent experiments in which Nek2A expression was reduced in 

this way suggest that Nek2A forms part of the spindle assembly checkpoint, 

interacting with MAD1 (mitotic arrest defective 1) at centromeres (Lou et al.,

2004). It therefore seems possible that Nek2 plays multiple, independent roles 

in the cell and centrosome cycles.

AuroraA and Polo: Centrosome maturation

Prior to the onset of mitosis, each centrosome undergoes yet another 

transformation, rapidly recruiting new PCM components to stimulate the 

changes in microtubule nucléation and anchoring required for assembly of the 

mitotic spindle. This process, known as centrosome maturation, involves two 

major protein kinase families: Aurora kinases and Polo-like kinases. Both 

kinases also appear to act at several additional stages of the centrosome cycle.
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The first Aurora kinase to be discovered was a gene commonly amplified in 

breast cancers, which was named BTAK (breast tumour activated kinase) (Sen 

et al., 1997). A Drosophila homologue was isolated in a screen for mutants with 

defective mitotic spindle assembly, and named Aurora (Glover et al., 1995). 

There are three mammalian paralogues, now renamed AuroraA (BTAK), 

AuroraB and AuroraC. AuroraA acts principally at the centrosome, while 

AuroraB is a chromosomal passenger protein that regulates cytokinesis. 

AuroraC is a poorly characterised, testis-specific kinase (Carmena and 

Earnshaw, 2003).

AuroraA localises to the centrosome from the onset of centrosome duplication 

until the end of mitosis (Kimura et al., 1997). It is a component of the PCM, 

associating dynamically and in constant exchange with a cytoplasmic pool 

(Stenoien et al., 2003). This association is dependent on neither microtubules 

nor kinase activity, and involves both amino- and carboxy-termini of the protein 

(the association of the amino terminus alone is however microtubule 

dependent) (Giet and Prigent, 2001). Levels of AuroraA are cell cycle regulated, 

increasing progressively through S-phase and G2 , and decreasing rapidly at the 

end of mitosis via anaphase promoting complex/cyclosome (APCZC)-Cdhl- 

dependent degradation (Castro et al., 2 0 0 2 ). AuroraA degradation is blocked by 

serine phosphorylation at its amino-terminus (Littlepage and Ruderman, 2 0 0 2 ).

Overexpression of AuroraA in cultured mammalian cells results in centrosome 

amplification, a result that was initially interpreted as pointing to a role for 

AuroraA in centrosome duplication (Zhou et al., 1998). However, more detailed 

analysis shows that centrosome amplification in these cells is a result of a 

failure of cytokinesis, and so is not indicative of a direct effect on duplication 

(see 2.1.3) (Meraldi et al., 2002). Furthermore, although AuroraA begins to 

localise to the centrosome at the point of centriole duplication, significant 

activation of the kinase as assessed by activation-loop phosphorylation does 

not occur until the onset of mitosis (Walter et al., 2000). Any effect of AuroraA 

on duplication would therefore have to be either independent of its kinase
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activity, or would depend on phosphorylation of a licensing factor during mitosis 

of the previous cycle.

In Drosophila Aurora mutants, monopolar spindles are often seen in which one 

spindle pole has multiple centrosomes while the other has none (Glover et al., 

1995). This suggests that Aurora is involved in centrosome separation, and this 

proposal is supported by RNAi ablation of AuroraA in C. elegans (Hannak et al., 

2001 ). In this system, centrosomes initially separate but fail to migrate, 

collapsing back to reform a single spindle pole. However, the most consistent 

centrosomal defect in cells lacking AuroraA function is their failure to recruit y- 

tubulin and other components required for maturation (Hannak et al., 2001).

This prevents efficient microtubule nucléation and spindle function.

Recent work has shed light on how AuroraA is activated at the onset of mitosis. 

Like many kinases, stimulation of AuroraA kinase activity requires 

phosphorylation of its activation loop. While activation loop phosphorylation is 

often mediated by upstream kinases, in the case of AuroraA, the kinase 

involved appears to be AuroraA itself (Eyers et al., 2003). This activity is 

opposed by PP1, which dephosphorylates the AuroraA activation loop 

(Katayama et al., 2001). PP1 is counteracted by TPX2, a protein that binds 

AuroraA and induces a small conformational change, protecting the activation 

loop from dephosphorylation (Bayliss et al., 2003). TPX2 availability is regulated 

by the nucleocytoplasmic transport system, being sequestered by the importin 

a/p complex (Gruss et al., 2001). At the onset of mitosis, the small GTPase Ran 

releases TPX2 from importin a/p, allowing it to bind and activate AuroraA 

(Figure 2.4) (Tsai et al., 2003).

Once activated, AuroraA phosphorylates its targets, which include the kinesin 

Eg5 and the coiled-coil protein TACC3 (Giet et al., 2002; Giet et al., 1999). Eg5 

localises between the parental centrioles following duplication, and its 

phosphorylation is required for both centrosome separation and spindle 

assembly (Blangy et al., 1995). TACC3 phosphorylation promotes its 

recruitment to the centrosome, where it appears to regulate microtubule stability
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(Gergely et al., 2000; Giet et al., 2 0 0 2 ). The activity of AuroraA appears to be 

required throughout mitosis, since its inhibition following spindle assembly leads 

to rapid spindle destabilisation (Marumoto et al., 2003). Both Eg5 and TACC3 

could be involved in this process, although it seems likely that many more 

AuroraA substrates remain to be discovered.

Like Aurora, Polo was also discovered in Drosophila as a gene required for 

spindle pole assembly - in fact, the two genes were identified in the same 

screen (Sunkel and Glover, 1988). Vertebrates carry 3-4 Polo-like kinases 

(Plk1-4 in humans), whereas budding yeast carries a single Polo-homologue, 

Cdc5 (Barr et al., 2004), Polo activity is required for the recruitment of 

pericentriolar proteins to the centrosome, including y-tubulin, in both Drosophila 

and mammalian cells (Lane and Nigg, 1996). It was recently shown that PIkl 

also indirectly regulates the microtubule nucleating activity of yTuRCs, by 

phosphorylating and inactivating NIpl (ainein-like protein 1 ) (Casenghi et al., 

2003). NIpl associates with centrosomal y-tubulin in interphase, and its 

phosphorylation by PIkl at the onset of mitosis causes it to dissociate from the 

centrosome.

A second Drosophila mutant. Asp (abnormal spindle protein) has a similar 

phenotype to Polo (Saunders et al., 1997). Asp is phosphorylated by Polo, and 

is thought to be involved in mediating the association between spindle 

microtubules and the centrosome (do Carmo Avides and Glover, 1999; do 

Carmo Avides et al., 2 0 0 1 ). Phosphorylated Asp protein can rescue the spindle 

assembly defect of cell extracts from Polo mutant cells, suggesting that it is a 

major downstream effector of Polo (do Carmo Avides et al., 2001).

Polo activity is not only required for centrosome maturation, but is an integral 

part of the cell cycle, playing a role in the activation of Cdkl-cyclin B (Figure 

2.5). PIxl phosphorylates and activates Cdc25, a dual specificity phosphatase 

that acts to dephosphorylate and activate Cdkl (Kumagai and Dunphy, 1996). 

This activity is enhanced by the fact that PIkl also phosphorylates and 

inactivates Mytl, a kinase that opposes Cdc25 function (Nakajima et al., 2003).
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Whether this mechanism actually initiates Cdk1 activation is uncertain, since 

there is some evidence to suggest that Cdk1 activation occurs prior to activation 

of P Ix l. Activated Cdk1 can phosphorylate and activate Plx1, forming a positive 

feedback loop that could enhance activation of both kinases at the onset of 

mitosis (Abrieu et al., 1998; Kelm et al., 2002). Finally, cyclin B is targeted by 

P Ikl. Activated, phosphorylated cyclin B first appears at the centrosome at the 

onset of mitosis (Jackman et al., 2003).

A number of additional functions for PIkl have been proposed, downstream of 

events regulating the onset of mitosis. By phosphorylating and activating 

Cdc20, PIkl is thought to promote the degradation of Cdkl-cyclin B and other 

mitotic proteins via the anaphase promoting complex/cyclosome (APC/C) 

following release from the spindle assembly checkpoint (Kotani et al., 1999). 

Towards the end of mitosis, PIkl localises to the midzone and finally to the 

midbody during cytokinesis (Golsteyn et al., 1995), Consistent with a role in 

cytokinesis, the S. pombe Polo homologue, P lo l, peaks in activity twice, first at 

the onset of mitosis and secondly during septation (Tanaka et al., 2001).

Both kinases and phosphatases clearly play pivotal roles in the regulation of 

centrosome function, by controlling the expression, recruitment, activity or 

degradation of many different centrosome components. Deregulation of these 

functions can have disastrous consequences for genomic stability and can 

contribute to the development of cancer. The centrosome may also be affected 

by the intervention of intracellular pathogens, which use the centrosome and its 

associated microtubule network to promote their invasion, replication and 

spread. The following section summarises a number of ways in which the 

centrosome and microtubules are targeted by pathogens, and highlights how 

the study of these host-pathogen interactions contributes to our understanding 

of normal cellular functions.
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2.3 Interactions between pathogens and the centrosome

The centrosome forms the core of a complex transport network that spans the 

entire cell. By anchoring microtubule minus-ends at a single focus, close to the 

surface of the nucleus, it marks a reference point from which the entire system 

is directed (Bornens, 2002). The microtubule network provides the tracks for 

the many different motor proteins which carry cellular cargoes along the 

microtubules, moving either towards or away from the centrosome (Vale, 2003). 

The localisation within the cell of vesicles, the endoplasmic reticulum, the Golgi 

complex, mitochondria, and even the nucleus are all dependent on the 

microtubule-motor network.

This powerful system is also an ideal target for invading microorganisms. Most 

intracellular pathogens need to spread through the cytoplasm. For example, 

many viruses are dependent on proteins of the host nucleus to replicate their 

genomes, and so need a fast and efficient means to locate to their site of 

replication. Other viruses and bacteria replicate in the cytoplasm, but need to 

concentrate the proteins and membranes required for their assembly and 

maturation in one location within the cell. These “assembly points” can be in 

any number of locations, from the centrosome to the plasma membrane.

Finally, most bacteria and viruses that do not induce cell lysis need to move 

away from their site of replication and assembly, to spread infection to 

neighbouring cells. All of these requirements are met by the microtubule 

cytoskeleton, and so it is unsurprising that a huge number of pathogenic 

organisms have evolved molecular tools to hijack this network (Scaplehorn and 

Way, 2004). Although many different viruses are capable of subverting motor 

protein function, these are described extensively elsewhere (Ploubidou and 

Way, 2001). Vaccinia virus and its relatives serve as useful examples for many 

of these processes.

2.3.1 Microtubule-dependent movement of virus particles

Vaccinia faces several different transport problems during infection. This is 

largely due to its highly complex life-cycle, which occurs exclusively in the
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cytoplasm, and involves formation of multiple forms of the virus in a number of 

different locations (Figure 2.6) (Smith et al., 2002). A result of this nucleus- 

independent existence is that vaccinia has become a masterful manipulator of 

intracellular membranes, essentially building for itself the structures required for 

viral gene expression, DNA replication, morphogenesis and spread. The 

centrosome and microtubule network play a role in coordinating these 

processes from the earliest stages of infection.

Almost immediately after entering a cell, vaccinia initiates transcription of early 

viral genes. This occurs within the incoming viral cores, and the resulting 

messenger RNAs (mRNAs) are extruded into the cytoplasm (Pelham, 1977). 

Both the viral cores and the extruded mRNAs are thought to move along the 

microtubule network. GFP-tagged cores have been observed by video

microscopy to move with speeds and “stop-start” dynamics characteristic of 

microtubule-based motility (Carter et al., 2003). Although a motor protein 

responsible for this movement has not been identified, several viral proteins 

which are components of the core have been shown to behave as microtubule- 

associated proteins (MAPs), and it is possible that these proteins play some 

role in targeting vaccinia cores to the microtubule network (Ploubidou et al., 

2000).

Following extrusion from the cores, mRNAs become organised into granular 

structures, in a process which also requires intact microtubules (Mallardo et al., 

2001). The mechanism by which these structures form is not understood, but is 

likely to share features in common with mRNA transport in other systems, such 

as that which generates the polarised distribution of mRNAs in the Drosophila 

oocyte (Wodarz, 2002). Future studies with vaccinia might therefore yield 

important clues as to how mRNA localisation is regulated during normal 

development.

Vaccinia replication and maturation occurs in regions of perinuclear cytoplasm 

called viral factories, in which replicated viral DNA is thought to become 

packaged with virally-modified membranes derived from the endoplasmic
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reticulum (ER)-Golgi intermediate compartment (Sodeik et a!., 1993). From 

these factories, so-called intracellular mature virus (IMV) particles emerge, and 

many begin to accumulate close to the MTOC. During infection, the trans-Golgi 

network (TGN) also becomes loaded with viral proteins (Schmelz et al., 1994).

A fraction of the IMVs become wrapped in the modified TGN to form 

intracellular enveloped virus (lEV). This trafficking of IMVs from the factories to 

the TGN depends on the protein encoded by the viral gene A27L, since viruses 

which lack this gene fail to accumulate at the centrosome, and are unable to 

reach their wrapping site to form lEV particles (Sanderson et al., 2000). 

However, whether A27L plays a direct role in this process remains to be 

established.

Accumulation of vaccinia at the centrosome requires the activity of the dynein- 

dynactin complex, since overexpression of p50/dynamitin inhibits the anchoring 

of virus particles close the centrosome (Ploubidou et al., 2000). However, in 

the case of vaccinia, the viral proteins responsible for binding this motor 

complex have not been found. A more detailed molecular characterisation has 

been achieved with a distant relative of vaccinia, African swine fever virus 

(ASFV), which is also a large DNA virus that replicates in the cytoplasm. The 

movement of ASFV towards the centrosome is also dependent on the dynein- 

dynactin complex. A viral protein, p54, has been identified as a direct binding 

partner of dynein light chain 8. p54 is an external component of the ASFV 

virion, and resembles the 190 kDa family of mammalian MAPs. It is proposed 

that this interaction might be required for minus-end directed transport (Alonso 

et al., 2001).

While an equivalent interaction in vaccinia-infected cells has not yet been 

identified, the movement of vaccinia away from the centrosome has been more 

intensively studied, and tantalising clues as to how viral transport might be 

regulated have been found. After their formation, lEV particles move out 

towards the plasma membrane along the microtubule network (Hollinshead et 

al., 2001 ; Ward and Moss, 2001a). This process has been visualised using 

video-microscopy of GFP-tagged lEVs (Rietdorf et al., 2001 ; Ward and Moss,
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2001 b). Deletion of two different lEV-specific viral genes, A36R and F12L, 

blocks lEV transport without affecting lEV formation. In the case of A36R, a 

thirty amino-acid long region of the protein has been shown to be necessary 

and sufficient for virus movement (Rietdorf et al., 2001). This region overlaps 

with that required for A36R to bind a third lEV-specific protein, A33R (Ward et 

al., 2003). Furthermore, a virus which lacks the A36R-binding site in A33R 

forms lEV particles which fail to move along microtubules to the cell periphery 

(Ward et al., 2003). While A33R and A36R are integral lEV membrane 

proteins, F12L appears to associate specifically with those lEVs which are 

moving on microtubules, suggesting that recruitment of F12L plays a key role in 

promoting viral egress (van EijI et al., 2002).

Microtubule-associated lEV particles also recruit conventional kinesin. 

Consistent with this, overexpression of the cargo-binding domain of kinesin light 

chain efficiently blocks movement of lEV particles away from the centrosome 

(Rietdorf et al., 2001 ). It was also recently shown that A36R and kinesin light 

chain interact directly in vitro, and that the binding site for kinesin lies in the 

same region as that required to bind A33R (Ward and Moss, 2004). What 

remains to be established is how these proteins interact to form a complex, and 

how the formation of this complex is regulated to generate movement of lEVs to 

the cell periphery.

2.3.2 Virus assembly and degradation at the centrosome

Manipulation of the microtubule-motor protein network is not limited to the 

movement of virus particles, but also appears to be involved in the 

reorganisation of intracellular membrane compartments during viral factory 

formation. Like vaccinia, both ASFV and iridoviruses depend on factories for 

their replication. In general, viral factories tend to form close to the MTOC, 

dramatically exclude host protein markers for different membrane 

compartments, and strongly recruit host chaperone proteins (Jindal and Young, 

1992). Additionally, mitochondria collapse from the cell periphery to surround 

the factory, presumably to supply the region with the vast quantities of ATP
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required for vigorous virus replication and morphogenesis (Rojo et a!., 1998). 

This retraction could be a result of viral disruption of the host motor protein that 

is required for normal mitochondrial distribution. Finally, factories become 

wrapped in a cage-like structure of vimentin intermediate filaments (Ferreira et 

al., 1994).

Such a vast and orchestrated restructuring of the contents of the cell might be 

expected to depend on the action of a large number of viral genes, and complex 

interactions with the machinery and signalling pathways of the host. However, 

although factory formation is undoubtedly an intricate process, there remains a 

strong possibility that the program of reorganisation is largely an intrinsic 

protective reaction of the host cell, being strikingly similar to the cellular 

response to aggregation of unfolded proteins (Heath et al., 2001). This 

response has been named the “aggresome” reaction, as it results in the 

formation of a large inclusion body around the MTOC, which contains 

aggregated, ubiquitinated proteins. The aggresome reaction can be induced by 

expressing proteins with mutations which prevent folding and promote 

aggregation (Johnston et al., 1998). Chaperones and proteasomal machinery 

are recruited to the aggresome structure, which becomes surrounded by 

mitochondria and a vimentin cage -  mimicking almost perfectly the appearance 

and consequences of viral factory formation (Figure 2.7).

The centrosome and its accompanying microtubule network play at least two 

roles in this process. Firstly, the inward trafficking of aggregated proteins 

requires the activity of microtubules and the dynein/dynactin complex, as it is 

sensitive to nocodazole and expression of p50-dynamitin respectively (Johnston 

et al., 2002). For this reason, the natural point of accumulation for aggregated 

protein is the centrosome. Secondly, a significant fraction of active chaperones 

and proteasomal machinery of the cell is associated with the centrosome 

(Wigley et al., 1999). Viruses could take advantage of this rich supply of 

protein-processing enzymes to facilitate their assembly. For example, the 

centrosomal chaperone Hsp90 is known to be important for efficient replication 

of vaccinia virus (Hung et al., 2002).
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Figure 2.7 Aggresomes resemble specialised sites for virus assembly.

Immunofluorescence analysis of Vero cells, either transfected with GFP-250 (a 

protein that is prone to misfolding) (green, A and C) or infected with African 

swinefever virus (green, B and D, a-p73 viral protein). Both misfolded protein 

and virus accumulate close to the centrosome (red, A and B, anti-y-tubulin), and 

recruit mitochondria (red, C+D, Mitotracker red). Host and viral DNA are labelled 

with DAPI (blue). Figure from Heath et. al., 2001.
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However, the proximity of viral factories to centrosomal proteasome activity may 

also benefit the host cell. During infection, viral proteins are targeted by the 

proteasome, generating antigenic peptides which are presented to the immune- 

system via major histocompatibility complex (MHC) class I proteins (Hewitt,

2003). In the case of a misfolded influenza virus antigen, this process appears 

to occur at the MTOC, and in nuclear substructures called promyelocytic 

leukaemia oncogenic domains (PODs) (Anton et al., 1999). Processing of 

ubiquitinated HIV Nef antigen also occurs at the centrosome, and the 

microtubule dependent recruitment of antigen to this site is necessary for 

processing and presentation of Nef peptides (Lacaille and Androlewicz, 2000).

It will be interesting to see whether viral antigen processing at the centrosome 

is established as a general theme of the anti-viral response, or whether it only 

occurs in specific circumstances.

Studies of virus-infected cells have highlighted the dynamic nature of the 

protein-processing machinery of the cell. The observation that misfolded 

proteins are transported by the microtubule-motor protein network suggests that 

like protein synthesis, protein degradation is a spatially regulated process, 

which is organised by the cytoskeleton. Ironically, it appears that viruses can 

take advantage of this system to promote their assembly in the cytoplasm -  

despite the fact that an important function of the degradation machinery is to 

alert the immune response to intracellular infection. Both viral assembly and 

viral degradation are therefore focussed around the centrosome.

2.3.3 Virus-mediated centrosomai damage

While the centrosome clearly plays an important part in organising the structural 

changes involved during virus infection, in a small number of cases, viruses 

have been shown to result in almost complete ablation of the centrosome. In 

vaccinia-infected cells, centrosome destruction is characterised by a loss of 

centrosomal proteins from the MTOC as determined by immunofluorescence, 

and starts from two hours post-infection (Figure 2.8). This effect appears to be
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Figure 2.8 Vaccinia disrupts the centrosome. Immmunofluorescence 

analysis of HeLa cells infected with vaccinia and labelled with antibodies 

against y-tubulin (A-D) and a number o f other centrosomal markers. Infection 

results in a dramatic loss o f all tested markers from the centrsome. Inserts in 

A-D are overexposed to reveal residual y-tubulin staining. Arrowheads 

highlight centrosomes. Scale bar 10 ;<m. Image from Ploubidou et. al., 2000.
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due to a redistribution of proteins within the cell, since levels of expressed 

centrosomal proteins measured by Western blot are not significantly reduced 

over the same period. The ability of the centrosome to renucleate microtubules 

is also greatly diminished by vaccinia infection.

Centrosome destruction has also been observed in cells infected with herpes 

simplex virus (HSV-1). A viral microtubule-associated protein (MAP), VP22, 

appears to be involved. VP22 is an aggressive manipulator of the microtubule 

cytoskeleton, inducing microtubule bundling when expressed in uninfected cells 

(Elliott and O'Hare, 1998). VP22 is a component of the viral tegument, and is 

required for the efficient spread of virus from cell to cell (Pomeranz and Blaho, 

2000). MTOCs in HSV-1-infected cells have been shown to return after 

prolonged infection, suggesting the process of destruction is reversible 

(Kotsakis et al., 2001). Centrosomal defects have also been described by 

electron microscopy in cytomegalovirus (CMV) infected cells, where disruption 

of centriole structure and detachment of fibrillar material occur (Bystrevskaya et 

al., 1997). Whether these changes are also seen during vaccinia- or HSV-1- 

mediated centrosome destruction, and so represent a general response to a 

variety of different viral infections, remains to be seen.

Interestingly, centrosome destruction was first observed many years ago as a 

cellular response to heat shock (Debec et al., 1990). Both viral infection and 

heat shock are potent activators of stress pathways, raising the possibility that 

centrosome stability Is under the control of stress-activated signalling (Glotzer 

et al., 2000). Centrosomal damage may therefore be an underlying cause of 

microtubule reorganisation in many other viral infections, since in many cases, 

the centrosome has been overlooked when characterising virus-induced 

alterations in the microtubule network.

The above examples, which focus principally on vaccinia virus, provide only a 

glimpse into the many different ways in which intracellular microorganisms 

hijack the centrosome and microtubule network to promote infection. In 

particular, many viruses disrupt the progression of the cell cycle and can
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influence centrosome function in this way. The breadth and diversity of 

interactions between viral and bacterial pathogens and the centrosome, which 

are only now becoming apparent, reveals the central role this organelle plays in 

the organisation and regulation of the cell. Previously unforeseen connections 

between the microtubule network, motor proteins, the machinery of 

nucleocytoplasmic transport, the activities of chaperones and the proteasome, 

the controlled progression of the cell cycle, and at the centre of this web, the 

centrosome, are all currently emerging from the study of the host-pathogen 

interface.
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Chapter 3

Materials and Methods

3.1 Tissue culture

3.1.1 Culture and stock maintenance

Cells were grown at 3 / 0  in 5% COg, and passaged every 2-3 days. Cell lines 

and culture media are described in Table 3.1. In the following chapter, 

complete medium refers to the appropriate medium described in Table 3.1, 

while serum-free medium refers to the same medium lacking foetal calf serum 

(PCS). Frozen cell aliquots were thawed by dilution in complete medium, and 

collected by centrifugation at 250 ref for 5 min. Medium was then aspirated (to 

remove dimethylsulphoxide (DMSO)) and the cells resuspended in complete 

medium for plating out. To generate frozen stocks, cells at 70% confluency 

were trypsinised, collected by centrifugation at 250 ref for 5 min, and 

resuspended in 500 pi chilled PCS. Following incubation on ice for 20 min, a 

500 pi of a 4:1 mixture of complete medium:DMSO was added, and the cells 

were transferred to -80° C for 24 h before transfer to liquid Ng.

3.1.2 Drugs

PP2 and PP3 were obtained from Calbiochem, and dissolved in DMSO to give 

a stock solution of 5 mM. Cells were treated with PP2 or PP3 at a final 

concentration of 20 pM. Cycloheximide was obtained from Sigma as a 100 

mg/ml stock in DMSO, and was used at a final concentration of 50 pg/ml. AraC 

(cytosine p-o-arabinofuranoside) was obtained from Sigma, and dissolved in 1:1 

DMSO.'PBSA to give a stock solution of 25 mM. Cells were treated with AraC at 

a final concentration of 50 pM. Sodium orthovanadate was obtained from 

Sigma, and dissolved in ddHgO to give a stock solution of 100 mM, pH 10.0. To 

generate pervanadate, 1M HgOg was added to 100 mM sodium orthovanadate 

at a 1:1 ratio. Cells were treated with pervanadate at a final concentration of 1 

mM. Nocodazole was obtained from Sigma, and dissolved in DMSO to give a
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stock solution of 1 mg/ml. Cells were treated with nocodazole at a final 

concentration of 40 ng/ml. Thymidine was obtained from Sigma, and dissolved 

in complete medium to give a final concentration of 5 mM.

Table 3.1: Cell lines and culture media

Cell Line Medium Glutamine Serum Antibiotics Source Ref. to figure j
HeLa MEM-iow 

NaHCOa ’
2 mM 10% F C S ' P/S* Dr Sally Cudmore

(EMBL,
Heidelberg)

Ail experiments 
unless otherwise 
stated

Grb2 -/E89K  
MEF and Grb2 
wt MEF

DMEM-high
glucose*

2 mM 20% FCS" P/S* Dr Tony Pawson 
(Samuel Lunenfeid 
Research Institute, 
Ontario)

4.12

19-IRES Nck1/2 
-/- and 13-wt 
Nck1/3 +/+

DMEM-high
glucose*

2 mM 10% F C S ' P/S* Dr Tony Pawson 
(Samuel Lunenfeid 
Research Institute, 
Ontario)

4.13,14

BS-C-1 DMEM-low
glucose*

2 mM 10% FC S * p/s* A T C C ' 4.10,11

HeLa S3 RPMI" 2 mM 5%
FCS®

p/s* ECACC" 6.14

Notes

’ Minimal essential medium, from Cancer Research UK Ceil Services, ION Flow formulation (#10-121-24) with 

NaHCOs, non-essential amino acids and Earle's salts added to match Sigma, M5650.

 ̂Duibecco’s modified Eagle’s medium, 4500 mg/dm^ glucose, from Sigma, D6546 

 ̂Duibecco’s modified Eagle’s medium, 1000 mg/dm^ glucose, from Sigma, D5546 

* From Cancer Research UK Cell Services, ICN Flow formulation (#074-1800)

® Fetal calf serum, from PAA Laboratories #A 15-041

® 100 units/ml penicillin G sodium, 100 pg/ml streptomycin sulphate, from a lOOx stock, Invitrogen #15140-122 

 ̂American Type Culture Collection, Manassas, USA 

® European Collection of Cell Cultures, Porton Down, UK

3.1.3 Transfection

Transfection of uninfected cells was performed using a calcium phosphate- 

based method, and the CB6 vector system (see 3.2.1). To transfect a 35 mm 

well, cells were passaged on the day of transfection and allowed to adhere for 

at least 4 h. 1 /vg plasmid DNA was incubated in 50 jLvl 0.25 M CaClg for 20 min, 

before drop-wise addition to 50 pi MBS (280 mM NaCI, 10 mM KCI, 1.5 mM 

Na2HP0 4 , 12 mM glucose, 50 mM HEPES pH 7.05). Following incubation for 

10-15 min, the transfection mixture was added to 1.5 ml complete medium 

covering the cells. Transfection crystals were washed off 12-24 h post 

transfection in phosphate buffered saline (PBSA: 8 g/dm^ NaCI, 0.25 g/dm^ KCI,

1.43 g/dm^ NagHPO^, 0.25 g/dm^ KHgPO ,̂ pH 7.2), and cells were then 

incubated in complete medium until required, between 24 and 48 h post
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transfection. The duration of transfection was selected according to the level of 

expression required and the toxicity of the expressed proteins.

Vaccinia infected cells were transfected using lipofectin (Invitrogen), and the 

pE/L vector system (see 3.2.1). For a 35 mm well, 10/vl lipofectin was diluted in 

450 jj\ serum-free medium, and incubated for 40 min. 4 plasmid DNA was 

then diluted in 450 /vl serum-free medium. The DNA- and lipofectin-containing 

solutions were mixed and incubated for 15 min before addition to PBSA- 

washed, vaccinia-infected cells. The duration and timing of transfection with 

respect to the infection was varied according to the aims of the experiment. To 

obtain dominant negative effects, cells were infected for 2 h and transfected for 

6 h before fixation/lysis. To rescue actin tail-formation by transient A36R 

expression, cells were infected for 4 h and transfected for 4 h. To rescue 

Nck/Grb2 null cell lines by transient Nck/Grb2 expression, cells were infected 

for 7 h and transfected for 3 h. To assess localisation of GFP-tagged proteins, 

cells were infected for 6 h and transfected for 2 h.

3.1.4 Cell-cycle synchronisation

Cells were synchronised using a double thymidine/nocodazole block protocol 

(Zieve et al., 1980). Cells were incubated for 16 h in complete medium 

containing 5 mM thymidine, washed thoroughly in PBSA, and then incubated for 

8 h in complete medium. Cells were then incubated for a further 16 h in 

complete medium containing 5 mM thymidine, washed thoroughly in PBSA, and 

then incubated for 4 h in complete medium containing 40 ng/ml nocodazole. 

Mitotic cells were harvested by agitation and then processed as suspension 

cells (see 3.5.2).

3.2 DNA constructs

All plasmid constructs used in this thesis are described in Table 3.2. In general, 

three different vector systems were used. The pE/L vector drives gene
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expression from a synthetic poxviral early/late promoter (Frischknecht et al., 

1999c). The CB6 vector contains a CMV promoter for expression in cultured 

mammalian cells (Reckmann et al., 1997). Finally, the pMW172 vector is a T7- 

based system for protein expression in E. coli (Way et al., 1990). These three 

vectors are available with a number of different tags, including green 

fluorescent protein (GFP), 6-Histidine (His) and glutathione-S-transferase 

(GST), at either the 5’ or 3’ end of the insert. In all cases, a Notl site separates 

the tag from the insert.

Table 3.2: P lasm id constructs used in th is  thesis

Plasm id

Cloning sites ' Used in figures Source ^

pE/L GFP Grb2 Not1/EcoR1 4.1,5.6 ,7 VM

pE/L GFP Crk2 Not1/EcoR1 4.1 VM

pE/L GFP Nck1 Not1/EcoR1 4.1 ,6,13,14 . 6 .24 VM

pE/L GFP Nck2 Not1/EcoR1 4.1,13,14 VM

pE/L A36R EcoR1/Bgl2 4.3,7 FF

P E /L A 36R Y 11 2F EcoR1/Bgl2 4.3,7 FF

pE/L A36R Y132F EcoR1/Bgl2 4.3,7 FF

pM W 172 His Grb2 Not1/EcoR1 4.4 MW

pM W 172 His Nck1 Not1/EcoR1 4.4, 6.10 MW

pM W 172 His Grb2-SH2 Not1/EcoR1 4.4 NS

pM W 172 His Nck1-SH2 Not1/EcoR1 4.4 NS

pE/L GFP Grb2 W 36K Not1/EcoR1 4.5 AH

pE/L GFP Grb2 R86K Not1/EcoR1 4.5,6 AH

p E /L G F P  Grb2 W 193K Not1/EcoR1 4.5 AH

pE/L GFP Grb2 W dK Not1/EcoR1 4.5,6 AH

pE/L GFP Grb2-SH3(N) Not1/EcoR1 4.5,6 AH

pE/L GFP Grb2-SH2 Not1/EcoR1 4.5,6 AH

pE/L GFP Grb2-SH3(C) Not1/EcoR1 4.5,6 AH

pE/L GFP Grb2-SH3-SH2 Not1/EcoR1 4.5 NS

pE/L GFP Grb2-SH2-SH3 Not1/EcoR1 4.5 NS

pE/L GFP N/A 4.6,13 MW

pE/L GFP Ncki R308K Not1/EcoR1 4.6 VM

pE /L G F P  Nck1-SH2 Not1/EcoR1 4.6 VM

pCGN Sos1 HA Unknown 4.8 JD

pE G FPN I Dynamin2 Unknown 4.8 MM

pE/L GFP N-W ASP AWA Not1/EcoR1 4.9, 5.10 VM

pE/L GFP N-W ASP W H1-CRIB Not1/EcoR1 4.9, 5.10 VM

pJEP2 A36R Ava2/Ava2 4.10 AH

P JE P2A 36R  Y132F Ava2/Ava2 4.10 NS

pE/L His Nck1 Not1/EcoR1 4.13 NS
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Notes

pE/L His Nck2 Not1/EcoR1 4.13 NS

pE/L GFP Src K295M Y527F EcoR1/BamH1 5.9 FF

C B 6F 1 0L  GFP Hind3/Not1 6.4 AP

C B 6 F 1 0 L G F P  D307A Hind3/Not1 6.4 NS

CB6 GFP N/A 6.6 ,15,16,19,20 ,25 MW

CB6 G F P H 1 L N o tl/E coR I 6.6 ,16,19,20 AP

CB6 G F P H 1 L C 1 1 0 S Not1/EcoR1 6.6 AP

CB6 GFP VHR Not1/EcoR1 6.6 NS

pE/L H is H IL Not1/EcoR1 6.7 NS

pE/L H isH 1L C 110 S Not1/EcoR1 6.10,17 AP

pM W 172 H is H 1 L C 1 1 0 S Not1/EcoR1 6.11,12 ,13,14 AP

pE/L GFP SET Not1/EcoR1 6.15,17 NS

CB6 GFP SET Not1/EcoR1 6.15,16 NS

pM W 172 G S T H 1 L C 1 1 0 S Not1/EcoR1 6.21 NS

pM W 172 GST N/A 6.21 NS

pE/L GFP AuroraA Not1/BamH1 6.24 NS

CB6 GFP AuroraA Not1/BamH1 6.25 NS

CB6 GFP Arp7A Not1/EcoR1 6.26 BG

p E /L F IO L G F P Hind3/Not1 7.9 ,10,11,12 AP

p E /L F IO L  GFP D307A Hind3/Not1 7.9 ,10,11,12 NS

Enzymes sufficient to cut out the intact insert, not including the tag. The first enzym e cuts at the 5’ end, the 

second at the 3'. Note that Not1 is always used to join the tag to the insert.

Abbreviations correspond to the following lab members:

AH Anna Holmstrom

AP Aspasia Ploubidou

BG Boyan Garvalov

FF Freddy Frischknecht

M W  Michael W ay

NS Niki Scaplehorn

VM  Violaine Moreau

...and the following collaborators:

JD Dr Julian Downward (Cancer Research UK, London)

MM Dr Mark McNiven (Mayo Clinic, Rochester, USA)

3.2.1 Transformation of bacteria

Chemically competent E. co//(strains DH5a, XL10 or BL21(DE3)) were 

prepared as follows. 500 ml Luria-Bertani (LB) medium (10 g/dm^ tryptone, 5 

g/dm^ yeast extract, 10 g/dm^ NaCI, pH 7.0) was inoculated with 2 ml of an 

overnight culture of bacteria, and incubated with shaking at 37°C until the 

OD600 reached 0.5. The culture was then incubated on ice for 30 min, before 

centrifugation for 12 min at 2500 rpm. The resulting pellet was resuspended in 

20 ml RF1 buffer (12 g/dm^ RbCI, 9 g/dm^ MnClg, 2.94 g/dm^ potassium acetate,
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150 g/dm^ glycerol, pH 5.8), and incubated on ice for a further 15 min. The 

suspension was then recentrifuged for 9 min at 2500 rpm, and the resulting 

pellet resuspended in 7 ml buffer RF2 (2.09 g/dm^ MOPS, 1.2 g/dm® RbCI, 11 

g/dm^ CaClg, 150 g/dm^ glycerol, pH 6.8). Aliquots of competent bacteria were 

then stored at -80° 0.

To transform bacteria, plasmid DNA (either 5 1̂ ligation reaction or 50 ng 

plasmid) was incubated with 30-60 /vl chemically competent E. coli on ice for 5- 

10 min, and then plated onto an LB-agar plate containing antibiotic and 

preheated to 42°0. All of the plasmids described in this thesis confer ampicillin 

resistance, except pEGFPNI -Dynamin2, which confers kanamycin resistance. 

Ampicillin and kanamycin were used at final concentrations of 100 fjg/m\ and 30 

jug/ml respectively.

3.2.2 Plasmid DNA preparation

To prepare plasmid DNA, single bacterial colonies were used to inoculate 5 ml 

(mini) or 100 ml (midi) overnight cultures of LB containing antibiotic. Bacteria 

were centrifuged at 2000 ref, and the pellets processed using Qiagen Plasmid 

Miniprep and Midiprep Kits, according to the manufacturer’s instructions. DNA 

concentration and purity was assessed using an Ultrospec spectrophotometer 

to measure OD260 and OD260/OD280 respectively.

3.2.3 DNA sequencing

Oligonucleotide primers matching the insert-flanking regions of the vector, and 

for long inserts, at intervals of 400-500 base pairs along the insert, were used in 

sequencing reactions. DNA sequencing reactions were prepared with 200 ng 

plasmid template, 3.2 pmol oligonucleotide primer and 8 p\ BDT reaction mix in 

a total volume of 20 p\. Reactions were purified using the Qiagen Dye-Ex™ 2.0 

Spin kit, and vacuum dried in a Speed Vac microcentrifuge before loading on an 

Applied Biosystems DNA sequencer for automated sequence analysis (by staff 

in the Equipment Park). Sequence data was analysed using Seqman software
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(DNAstar, Madison, Wl), and compared with sequence data downloaded from 

the National Centre for Biotechnology Information (NCBI).

3.2.4 Subcloning

All restriction enzymes were from New England Biolabs. Vector and insert 

plasmids were digested in 50 /vl reactions and loaded onto 1% agarose/TBE 

gels (TBE: 10.8 g/dm3 Trizma base, 5.48g/dm3 boric acid, 0.93 g/dm3 EDTA). 

Bands were excised and purified using a Qiagen QIAquick®Gel Extraction kit. 

DNA was eluted in 30 /vl ddHgO and vacuum dried in a Speed Vac 

microcentrifuge. DNA was then resuspended in TE (10 mM Tris.HCI pH 7.6, 1 

mM EDTA). Ligation reactions were set up using 200 units T4 DNA ligase (New 

England Biolabs) in 10 /vl, before incubation at room temperature for at least 30 

min. Half of the ligation reaction was used to transform chemically competent 

E. coll. Colonies were screened by PCR (see 3.2.5).

3.2.5 Polymerase chain reaction

To screen colonies, toothpicks were used to inoculate first 25 /vl reactions 

containing 10 pmol of each vector primer, 1x PCR buffer (Sigma), 6.25 nmol 

dNTP mix and 1.25 units Taq polymerase (Cancer Research UK), and then a 3 

ml LB culture containing the appropriate antibiotic. Reactions were performed 

using an Applied Biosystems GeneAmp PCR machine, using a standard 

program.

To amplify genes, from either viral genomic DNA or from a HeLa cell cDNA 

library, 100 /vl reactions containing 40 pmol of each primer, 1x Taqplus 

Precision DNA polymerase buffer (Stratagene), 25 nmol dNTP mix, 5 units 

Taqplus Precision DNA polymerase (Stratagene), and either 1 /vl vaccinia 

genomic DNA or 2 /vl HeLa cell cDNA library (made by Dr James Sutherland), 

were performed using an Applied Biosystems GeneAmp PCR machine using a 

standard program. To generate pE/L GFP Grb2-SH3-SH2, the primers 

NGrS3N (5'-GGCGGCCGCGGCGGCATGGAAGCCATCGCCAAATATGAC-3 )
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and GrS2R1 (5’-CCCGAATTCAGACGTATGTCGGCTGCTGTGGCAC-3’) were 

used. To generate pE/L GFP Grb2-SH2-SH3, the primers NoGrS2 (5’- 

GGCGGCCGCGGCGGCAACTACATAGAAATGAAACCACATC-3’) and 

GrS3CR (5’-CCGGAATTCACGTTCCGGTTCACGGGGGTGACA-3’) were used. 

To generate pE/L GFP VHR, the primers Not1HuDuSP3 (5’- 

AAAGCGGGCGGATGTCGGGCTCGTTCGAGCTC-3’) and HuDuSP3EcoR1r 

(5'-ATGGAATTGTAGGTTTGAAGTTGGGGTG-3') were used. To generate pE/L 

GFP SET, the primers NotlHumSET (5’-

TTTGGGGGGGGATGTGGGGGGGGGGGGGGAAA-3’) and HumSETEcoRI 

(5'-GGGGAATTGTTAGTGTGTTGTGGTTGATG-3') were used. To generate 

pE/L-GFP-Aurora A, the primers Not1 AuroraA (5'-

AAAGGGGGGGGATGGAGGGATGTAAAGAAAAGTGG-3’) and AuroraABamHI 

(S’- TTTGGATGGGTAAGAGTGTTTGGTAGGTGATTG-3’) were used.

Mutations were introduced into plasmid constructs using the Quickchange 

Mutagenesis Kit (Stratagene), according to the manufacturers instructions. To 

generate pE/L GFP F10L D307A, the primers F10LD307AF (5’- 

GTTGGGAGAAGTTTTTAGAGGGAGGTGTTAAAGGGG-3’) and F10LD307AR 

(5’-GGGGTTTAAGAGGTGGGTGTAAAAAGTTGTGGGAAG-3’) were used. To 

generate pJEP2-Y132F, the primers Y132FF (5’- 

GAAGAGAGTATTTTTGAGAAGAGTAGAG-3’) and Y132FR (5’- 

GTGT AGT GTT GT G AAAAAT AGT GTGTT G-3 ’) were used. All constructs were 

verified by sequencing.

3.3 Vaccinia

3.3.1 Viruses

A36R-Y112F and A36R-YdF vaccinia viruses were generated by Anna 

Holmstrom. A36R-Y132F vaccinia virus was generated during the course of 

this thesis. AA36R vaccinia virus was a generous gift of Prof Geoffrey Smith, 

Imperial Gollege, London. ts28 vaccinia virus was a generous gift of Dr Paula 

Traktman, Medical Gollege of Wisconsin.
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3.3.2 Infection

Cells were seeded at least 12 h before infection, in complete medium. Before 

use, 100 1̂ aliquots of post-nuclear supernatant (see 3.3.3) were incubated with 

10/vl 2.5 mg/ml trypsin solution (Cancer Research UK) and 90 /vl PBSA for 25 

min at 37 “C, to reduce viral aggregation. Viral aliquots were then made up to 1 

ml using serum free medium. Trypsinised viral stocks could be frozen at -20°C 

and rethawed repeatedly without noticeable effects on infectivity. Cells were 

washed once in PBSA before infection. For a 35 mm well at 70% confluency, 1 

ml serum free medium was mixed with 8.4 x 10® infectious units of trypsinised 

virus and added to the washed cells, to give an moi=1. Infections were 

incubated at 37°C for 1 h before the virus was removed by aspiration, and 

replaced with complete medium for as long as was required. Unless otherwise 

stated, infections were generally allowed to proceed for 8 h before fixation or 

lysis (see also 3.1.3).

3.3.3 Stock preparation

10-20 175 cm^ flasks HeLa cells were seeded to give 80% confluence on the 

day of infection. Flasks were infected with seed virus (see below) at moi=0.05 in 

5 ml serum free medium per flask, and incubated for 1 h at 37°C with regular 

agitation to redistribute virus. Flasks were supplemented with 20 ml 

complete:serum free medium mix to give a final serum concentration of 5%. 

Infections were allowed to proceed for 3-5 days before processing.

To obtain seed virus, 1 flask was scraped in the infection medium and 

transferred to a 50 ml falcon tube. Infected cells were pelleted by centrifugation 

at 250 ref for 5 min, and the medium aspirated until 1-2 ml remained. Infected 

cells were resuspended in this medium by trituration and transferred in 500 /vl 

aliquots to screw cap eppendorfs, before 3 cycles of freeze/thawing at -80°C/ 

37°C. Seed virus was stored at -80°C and used to generate new stocks.

To obtain post-nuclear supernatant, medium from the remaining flasks was 

removed by aspiration. Cells were then scraped in 10 ml PBSA per flask, and
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pelleted by centrifugation at 250 ref for 5 min. The supernatant was aspirated, 

and the cell pellet resuspended in 1.5-3 ml ice-cold virus buffer (10 mM Tris.HCI 

pH 9.0,10 mM KCI, 3 mM magnesium acetate, 0.22 ^m filter-sterilised). The 

suspension was triturated ten times using a 21/22 gauge needle. Nuclei! and 

membranes were pelleted by centrifugation at 2500 ref for 5 min at 4“C. The 

supernatant was then retained, and the pellet resuspended in 1-2 ml ice-cold 

virus buffer by mild trituration using a PI 000 Gilson pipette. The suspension 

was then repelleted by centrifugation at 2500 ref for 5 min at 4“C. The 

supernatant was combined with that of the previous step, mixed, and divided 

into 100 ^1 aliquots. Aliquots were stored at -80°C.

To measure the viral titre, HeLa cells were infected with a range of virus 

volumes, and infection assessed by immunofluorescence to visualise viral DNA, 

late viral protein synthesis (using A27L as a marker), and actin tails where 

appropriate. A multiplicity of infection of 1 is defined as the viral dose required 

to infect 100% of the cells available. Viral titres are measured in plaque-forming 

units per ml (pfu/ml), even though the titrations were not calculated using a 

plaque assay (on the basis that 1 pfu is sufficient to infect an individual cell).

Note that stocks of ts28 vaccinia virus were prepared at 32°C rather than 37°C, 

since productive infection fails to occur at the higher temperature with this virus.

3.3.4 Plaque assay

Confluent monolayers of BS-C-1 cells were infected with highly diluted virus 

stocks (to give between 1-20 pfu per 35 mm well), in 0.5 ml serum free medium 

per well, for 1 h at 37°0, with regular agitation to ensure an even distribution of 

plaques.

To obtain plaques suitable for reinfection (for example, for isolation of 

recombinant virus particles, see 3.3.5), infected monolayers were then overlaid 

with a sterile mixture of 0.9% low melting-temperature agarose in MEM with 2%
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PCS, left to cool, and transferred to 37°C. Plaques were visualised 2-5 days 

later by addition of 0.05% neutral red in PBSA for 4-8 h.

To obtain plaques suitable for scanning and analysis, infected monolayers were 

overlaid with complete medium containing 2.5% PCS, and the infection was 

allowed to continue for 2-5 days at 37°C. The medium was then aspirated and 

plaques visualised by addition of 0.1% crystal violet in 20% ethanol.

3.3.5 Construction of recombinants

To generate a suitable targeting vector, the pJEP2 construct, which contains 

the A36R gene flanked by 256 bp genomic DNA at both 5' and 3’ ends, was 

used as a template for site-directed mutagenesis (see 3.2.5).

BS-C-1 cell monolayers in 6 cm dishes were infected with AA36R vaccinia virus 

at moi=0.1. 1 h post infection, virus was removed by aspiration and replaced 

with complete medium. Infected cells were then transfected with either 2 fjg or 

5 (vg pJEP2-Y132P using calcium phosphate (see 3.1.3). Transfection mixtures 

were removed 3 h post transfection, washed twice in PBSA to remove crystals, 

and replaced with complete medium. The infection was allowed to proceed for 2 

days at 37°C. The medium was then aspirated, and the infected cells scraped 

in 1 ml complete medium before lysis by 3 freeze/thaw cycles (-80°C/37°C).

BS-C-1 cell monolayers were infected with varying amounts of the above lysate, 

and processed for plaque assay (see 3.3.4). Recombinant virus was identified 

based on the rescue of plaque size induced by A36R. Large, presumably 

A36R-positive plaques were picked and resuspended by trituration in 200 /il 

complete medium containing 5% PCS. Plaque suspensions were subjected to 

3 freeze/thaw cycles (-80°0/37°0), diluted to 1 ml in complete medium 

containing 5% serum, and split into two 500 /il aliquots.

One aliquot was used to infect HeLa cells, which were then processed for 

immunofluorescence to assay for actin tail formation and A36R expression.
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Following identification of plaques containing recombinant virus, the remaining 

aliquot was used to infect confluent HeLa cells in 24 well plates. These 

infections were allowed to proceed for 2 days before harvesting by scraping and 

lysis by freeze/thawing as above. Amplified plaques were then used to reinfect 

BS-C-1 cell monolayers for the subsequent round of plaque purification. Pure 

recombinant virus (lacking contamination with the AA36R parental strain) was 

obtained by repeating the above process 5 times.

To verify the sequence of the resulting recombinant virus strains, viral genomic 

DNA was prepared from HeLa cells infected with each strain (see 3.3.6). 

Genomic DNA was then used as a template for PGR to amplify the 

recombination site. The PGR products were cloned into the pE/L-NGFP vector 

for amplification and then sequencing.

3.3.6 Preparation of vaccinia genomic DNA

Confluent HeLa cells in 6 cm dishes were infected with vaccinia at moi=0.1. 

Virus was then removed by aspiration and replaced with complete medium 

containing 5% FGS. Infection was allowed to proceed for 48 h.

Infected cells were scraped in the infection medium and pelleted by 

centrifugation at 250 ref. Cell pellets were resuspended in 1 ml viral DNA 

extraction buffer (10 mM Tris.HCI pH 7.0, 10 mM NaCI, 10 mM EDTA), and 

disrupted using 12 strokes in a 2 ml Dounce homogeniser. Nucleii and 

membranes were pelleted by centrifugation at 2500 ref, 5 min, 4“C. The 

supernatants were supplemented with proteinase K to 0.5 mg/ml and 10% 

sodium dodecyl sulphate (SDS) to 0.5%, and then incubated on a shaking block 

at 3 /C  for 4 h.

Lysates were clarified by centrifugation at 16,100 ref, for 1 min, and the 

supernatants subjected to phenol/chloroform extraction. Viral DNA was then 

precipitated by addition of ethanol to 70%, washed in 70% ethanol, and dried 

before resuspension in 10 /il ddHgO.
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3.4 Immunofluorescence analysis

3.4.1 Fixation

Cells were washed once in PBSA prior to fixation. Four standard fixation 

techniques were used in this thesis. In the first (RFA fixation), washed cells 

were incubated in 3% paraformaldehyde (RFA) dissolved in cytoskeletal buffer 

(08: 10 mM MES pH 6.1, 150 mM NaCl, 5 mM EGTA, 5 mM MgClg 5 mM 

glucose) for 10 min at room temperature. Cells were then washed in RBSA, and 

permeabilised in 0.1% Triton X-100 dissolved in CB, for 2 min at room 

temperature, before 3 further washes in RBSA.

In the second (R/T fixation), washed cells were fixed for 10 min at room 

temperature in 3% RFA/CB containing 0.1% Triton X-100, and then washed 3 

times in RBSA. This technique tended to dramatically reduce background or 

cytoplasmic staining, and enhanced cytoskeletal labelling compared with RFA 

fixation.

In the third (MeOH fixation), washed cells were fixed for 5-30 min at -20°C in 

ice-cold methanol. Cells were rapidly rehydrated using five washes in RBSA at 

room temperature.

In the fourth, (R-M fixation), washed cells were fixed for 5 min in 3% RFA/CB, 

washed once in RBSA, and then fixed for a further 30-90 min at -20°C in ice- 

cold methanol. Cells were rapidly rehydrated using five washes in RBSA at 

room temperature.

3.4.2 Labeliing and mounting

At each step, coverslips were incubated by flotation on drops of the indicated 

buffer. Fixed, permeabilised cells were incubated for 10-30 min in IF-blocking 

buffer (1% BSA, 2% FCS dissolved in CB), and transferred to IF-blocking buffer 

containing primary antibodies (see Table 3.3) for a further 20-45 min. Cells
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were then washed by transfer through PBSA drops 3 times, and incubated in 

IF-blocking buffer containing secondary antibodies and/or phalloidin stains (see 

Table 3.4). Cells were again washed by transfer through PBSA 3 times, before 

incubation for 10-120 s in drops of DAPI solution, if required (1 mg/ ml 4', 6- 

diamidine-2-phenylindole dihydrochloride in ddHgO). Coverslips were then 

washed by immersion in ddHgO, and mounted in 200 mg/ml Mowiol, to which 

0.1 volumes of 10 mg/ml p-phenylenediamine had been freshly added. Slides 

were dried for 30-90 min at 37°C.

Table 3.3 Primary antibodies used for Immunofluorescence analysis

Antibody Specificity Raised In Fixations Dilution Source Ref. to figure

aA36R  (rat 13) A36R Rat All 1:500 SR 4 .1 ,5 .4 ,6 ,8 ,9 ,1 2

Alexa568-

phalloldin Actin Stain PFA, P/T 1:600 Molecular Probes

4.1 ,2 ,3 ,5 ,6 ,7 ,8 ,10,12 , 

13, 5.4 ,6,8

aGrb2 (C-23) Grb2 Rabbit PfT 1:100 Santa Cruz 4.2 ,3 ,9 ,10

aNck (UB) Nek 1/2 Rabbit PFA, P/T 1:100 Upstate Biotech 4.3 ,9 ,10,13

aW IP  #4G W IP Rabbit PFA, PfT 1:400 VM 4.3

aN  W ASP  

#3G N-W ASP Rabbit PFA, P/T 1:100 VM 4.3

aH A  16812 HA Mouse PFA 1:500 BAbCo 4.8

aA27L A27L Mouse All 1:1000

Dr Mariano 

Esteban 4.9, 6.2,3, 7.1 ,8,9

aA 36R -Y132P

A36R-

Y132P Rabbit All 1:200 This thesis

4.12

5.4 .5 .6 .8 .9 .10.11.12

aB5R B5R Rat All 1:500 Dr Gerhardt Hiller 4.14

aA36R  

(5215G) A36R Rabbit All 1:300 SR 4.14

aA36R -Y112P A36R Rabbit All 1:200 This thesis 5.3

4G10

Phospho-

tyrosine Mouse All 1:100 Upstate Biotech 5.5

DAPI DNA Stain All 1 mg/ml Sigma

5.5,10

6.2 ,3 ,4 ,5 ,6 ,7 ,8 ,15,18 ,

20 ,22,23,24 ,25,26

7.1 ,2 ,3 ,4 ,5 ,6 ,7 ,8 ,9 ,10 ,

11,12

aA33R A33R Rabbit PFA, PfT 1:300 SR 5.11

akinesin (L2)

Kinesin light 

chain Mouse All 1:500 Chemicon 5.12

a-y-tub

(GTU88) y-tubuiin Mouse P-M 1:300 Sigma

6.1 ,2 ,3 ,4,5,6,8,24,25 ,

26

104



a-H 5R H5R Rabbit All 1:200

Dr Jacomine 

Krijnse-Locker 6.1,2,3 , 7.7

a H IL M IL Rabbit All 1:100 This thesis 6.7 ,8,15,22 , 7.5

alAK1 AuroraA Mouse PFA 1:100 BD-Biosciences 6.18,19 ,20.22,23

aT288P

AuroraA-

T288P Rabbit PFA 1:100

Cell Signalling 

Technology 6.23

polyclonal a - 

PY

Phospho-

tyrosine Rabbit PFA 1:100 Transduction Labs 7.2 ,8 ,9 ,10

aA17L A17L Rabbit PFA 1:300

Dr Jacomine 

Krijnse-Locker 7.3,8,11

aA14L A14L Rabbit PFA 1:300

Dr Jacomine 

Krijnse-Locker 7.4

aF17R F17R Rabbit PFA 1:500 Dr Gerhardt Hiller 7.6 ,8,12

Table 3.4 Secondary antibodies used for Immunofluorescence analysis

Antigen Raised In Label Dilution Source

Rabbit Donkey FITC 1:200 Jackson ImmunoResearch

Mouse Goat Alexa488 1:200 Molecular Probes

Rat Goat Alexa488 1:200 Molecular Probes

Rabbit Donkey Texas Red 1:300 Jackson ImmunoResearch

Mouse Goat Alexa568 1:300 Molecular Probes

Rat Donkey Texas Red 1:300 Jackson ImmunoResearch

Rabbit Donkey AMCA 1:100 Jackson ImmunoResearch

Mouse Goat Alexa350 1:100 Molecular Probes

Rat Goat Alexa350 1:100 Molecular Probes

3.4.3 Microscopy and image processing

Cells were observed using a Zeiss Axioplan-2 microscope, and images 

captured using a Photometries Coolsnap HQ cooled CCD camera and 

Metamorph software (Universal Imaging Corporation, Marlow, UK). Images 

were initially stored in 12-bit format, and then converted to 8-bit RGB overlay 

files using Metamorph. Further processing and annotation was performed using 

Adobe Photoshop and Adobe Illustrator.

3.4.4 Quantification

To quantify actin tail formation, infected, and in rescue/dominant negativity 

experiments, transfected cells were chosen at random, and scored for the 

presence or absence of at least one actin tail. At least 100 cells were counted
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per coverslip. All counting experiments were performed three times, and data 

presented is the mean ± standard deviation. In Figure 4.6, additional resolution 

is obtained by scoring cells with >10,1-10 or 0 actin tails. In Figure 4.10, 

images were captured of 40 cells and the number of actin tails per cell was 

counted manually.

To quantify centrosome disruption, cells were labelled with anti-y-tubulin and 

images of cells were captured at random using an exposure time of 500 ms. 25 

images were captured per coverslip. Images were combined into a single stack, 

and scaled to the same pixel intensity values so that the on-screen intensity 

accurately represented the actual intensity of the signal. An exclusive threshold 

was applied to the images simultaneously, and the cut-off values adjusted for 

each image to highlight the area occupied by visible y-tubulin labelling. A 64 x 

64 pixel square region was used to isolate the centrosome measured, and the 

View Region Statistics tool used to calculate the number of thresholded pixels 

within the region. Data was logged and exported to Microsoft Excel for analysis. 

In all experiments, intact centrosomes are defined as over 30 pixels in size. All 

experiments were performed three times, and data presented is the mean ± 

standard deviation.

3.5 Preparation of cell extracts

3.5.1 Total cell extracts

Cells were washed once in PBSA, which was then carefully aspirated until none 

remained. Total cell extracts were prepared by direct addition of protein sample 

buffer (50% glycerol, 3% SDS, 50 mM Tris.HCI pH 6.9, 2% p-mercaptoethanol, 

bromophenol blue), which was preheated to 95°C. For a 10 cm dish, 300-500 

jj\ (depending on the confluency) was added, and scraped to cover the entire 

dish. Following transfer to an eppendorf, an equal volume of PBSA was added 

to the dish, and scraped to collect residual sample. This was added to the 

original sample, mixed by vortexing, and boiled for 5 min. Samples were stored 

at -20° C.
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3.5.2 Soluble protein extracts

Adherent cells were washed in PBSA which was then carefully aspirated until 

none remained. Suspension cells were collected by centrifugation at 250 ref, 

washed in 5% of the culture volume of PBSA and repelleted by centrifugation at 

250 ref. Dishes and tubes were placed on ice, and all subsequent steps until 

addition of protein sample buffer were carried out at 4°C.

Cells were lysed by addition of lysis buffer (25 mM Tris.HCI pH 7.5, 1% Triton 

X-100, 0.5% Nonidet P40, 100 mM NaCI, 1x protease inhibitors (Complete 

EDTA-free protease inhibitor tablets, Roche)). Phosphatase inhibitors were not 

used except where otherwise stated, for reasons discussed in section 6.5. For 

a 10 cm dish, 300 p\ buffer was added and the cells immediately scraped. Lysis 

was allowed to continue for 10 min before the lysate was scraped into an 

eppendorf, and incubated at 4“C with rotation for a further 20 min. Lysates 

were clarified by centrifugation at 16,000 ref for 5 min. Protein concentrations 

were estimated by addition of Biorad protein assay reagent to 1 p\ of lysate, 

according to the manufacturer's instructions, and measuring OD590.

3.6 Pull-down assays

In all pull-down experiments, a sample of lysate was retained and 0.5 volumes 

protein sample buffer added, to represent the protein input sample.

For Ni-NTA pull-down experiments (see Figure 6.10, 6.12), 1 M imidazole, pH

8.0 was added to the lysates to a final concentration of 20 mM. Lysates were 

incubated with Ni-NTA resin (with or without pre-bound protein, see section 

3.8), which had been previously washed in lysis buffer. Pull-downs were 

incubated for 1 h at 4°C with rotation. The resins were then pelleted by 

centrifugation at 100 ref and washed five times in Ni-wash buffer (PBSA + 150 

mM NaCI, 0.1% Tween-20, 50 mM imidazole). The resins were finally boiled in 

protein sample buffer for 5 min.
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For glutathione/GST pull-down experiments (see Figures 6.14, 6.21), lysates 

were incubated with glutathione sepharose resin (with or without pre-bound 

protein, see section 3.8), which had been previously washed in lysis buffer. 

Pull-downs were then incubated for 1 h at 4°C with rotation. The resins were 

then pelleted by centrifugation at 100 ref and washed five times in GST-wash 

buffer (PBSA + 150 mM NaCI, 0.1% Tween-20). The resins were finally boiled 

in protein sample buffer for 5 min.

For cyanogen bromide (CnBr) resin pull-down experiments (see Figures 6.13, 

6.14), lysates were incubated with CnBr resins with covalently coupled proteins 

(see 3.8.4). Pull-downs were then incubated for 1 h at 4“C with rotation. The 

resins were then pelleted by centrifugation at 100 ref and washed five times in 

CnBr-wash buffer (PBSA + 250 mM NaCI, 0.1% Tween-20). Bound proteins 

were eluted by incubation with either 100 mM sodium orthovanadate, pH 10.0, 

or 100 mM glycine, pH 2.5, as indicated, for 15 min with regular mixing. Eluates 

were withdrawn, and 0.5 volumes protein sample buffer added. All samples 

were boiled for 5 min, and stored at -20°C.

3.7 SDS-PAGE and western blotting

3.7.1 SDS-PAGE

Samples were subjected to SDS-PAGE, using either 10%, 12.5% or 15%

polyacrylamide gels, or using 5-20% polyacrylamide gradient gels, all of which

were cast using a Cambridge Electrophoresis gel system (Laemmli, 1970).

Nine 10% gels were prepared using 16.6 ml 40% w/v 37.5:1

acrylamide/bisacrylamide, 18.6 ml 1 M Tris.HCI pH 8.9 (Biorad), 0.5 ml 10%

SDS (Biorad), 14 ml dHgO, 40 /vl N,N,N',N'-tetramethylene-diamine (TEMED)

(Sigma), and 250 /vl ammonium persulphate (Sigma). Gels were loaded with at

least one lane containing either unstained low-range molecular weight markers

(Biorad), or pre-stained broad-range molecular weight markers (Biorad). Gels

were run in running buffer (1 g/dm^ SDS, 3 g/dm^ Trizma Base, 14.4 g/dm^

glycine), at 250 V for 90 min or until the necessary degree of separation had

been achieved. Gels were stained with either Coomassie solution (0.5%
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Coomassie Brilliant Blue, 50% methanol, 10% acetic acid), followed by 

destaining in first high destain (50% methanol, 10% acetic acid), and then low 

destain (5% methanol, 10% acetic acid), or alternatively were stained in 

colloidal Coomassie solution (Sigma) according to the manufacturer’s 

instructions.

3.7.2 Western blotting

Gels were subjected to semi-dry western blotting onto nitrocellulose (Schleicher 

& Schuell) using Pharmacia blotting apparatus. Nitrocellulose, gels, and 3MM 

were briefly soaked in transfer buffer (14.4 g/dm^ glycine, 3 g/dm^ Trizma base, 

pH 8.8) before assembly. Proteins were transferred for 1 h at 150 mA per gel. 

Nitrocellulose blots were briefly washed in Ponceau solution (Sigma) and 

scanned to visualise total protein transfer. Blots were then blocked for 1 h or 

overnight in blot-blocking buffer (PBSA + 5% fat-free dried milk powder, 0.1% 

Tween-20). Note that for blots using 4G10 antibody, 100 mM sodium 

orthovanadate pH 10.0 was added to the blot-blocking buffer and all 

subsequent steps until development, to a final concentration of 1 mM, to inhibit 

the residual phosphatase activity of the buffer. Following blocking, blots were 

incubated for 1 h to overnight in blot-blocking buffer containing primary antibody 

(see Table 3.5). Blots were washed briefly 3 times, and then 3 times for 10 min 

in blot-blocking buffer, and then incubated in blot-blocking buffer containing 

secondary antibody (see Table 3.6). Blots were again washed briefly 3 times, 

and then 3 times for 10 min in blot-washing buffer (PBSA + 0.1% Tween-20), 

before developing using ECL reagent according to the manufacturer’s 

instructions (Amersham). Blots were exposed to Amersham Biosciences 

Hyperfilm-ECL and developed on an IGP compact automated developer.

Table 3.5 Primary antibodies used for western blot analysis

Antibody Specificity Raised in Dilution Source Ref. to figure

uA36R (5215G) A36R Rabbit 1 :5000 Dr Sabine RÔttger 5.2 ,7

aA36R-Y112P A36R Rabbit 1:500 This thesis 5.2,7

4G10 phosphotyrosine Mouse 1:1000 Upstate Biotech 5.2,7

a-G FP GFP Rabbit 1 :5000 Santa Cruz 6.17
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aH1L M IL Rabbit 1:1000 This thesis 6.7

a lA K I AuroraA Mouse 1:1000 BD-Biosciences 6.21

aHis 6xHis tag Mouse 1:3000 Sigma 6.17

Table 3.5 S econdary antibodies used fo r w estern b lot analysis

A ntigen Raised in Labei Diiution Source

Rabbit Goat HRP 1:3000 Jackson ImmunoResearch

Mouse Goat HRP 1:3000 Jackson immunoResearch

3.8 Expression and purification of proteins in E. coli

3.8.1 Protein expression

Chemically competent BL21 (DES) E. co// were transformed with the pMW172 

DNA vector carrying the required insert. Single colonies were used to inoculate 

a 5 ml LB-ampicillin starter culture, which was incubated over the day with 

vigorous shaking at 37°0.1 ml of starter culture was then used to inoculate 1 

dm^ LB-ampicillin overnight cultures, which were then incubated overnight with 

vigorous shaking at 30°C. Induction was not necessary using the pMW172 

vector. Cultures were pelleted by centrifugation at 2000 ref, and frozen at 

-20°C, in aliquots equivalent to 500 ml culture.

Pellets were thawed in bacterial lysis buffer (50 mM Tris.HCI pH 8.0,1 mM 

EDTA, 25% sucrose, 0.1% Tween-20, 1 x protease inhibitors (Complete EDTA- 

free protease inhibitor tablets, Roche)), at room temperature, and thoroughly 

resuspended before 3 mg lysozyme was added. The lysate was incubated at 

room temperature for 30 min, before 9.6 p\ 1M MgClg, 0.96 p\ MnClg, and 0.4 1̂ 

10 mg/ml DNase I (Sigma) per ml of lysate was added. The lysate was then 

incubated for a further 30 min at room temperature, before centrifugation at

12,000 ref for 15 min at 4°C. The supernatant was retained as the bacterial 

soluble fraction, and stored at 4°C.
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3.8.2 Purification of proteins on Ni-resin

1M imidazole pH 8.0 was added to soluble fractions to a final concentration of 

50 mM. Ni-NTA resin, prewashed in bacterial lysis buffer, was added to the 

soluble fraction, and incubated with rotation at room temperature for 30 min. 

Resin was pelleted by centrifugation at 100 ref, and washed 5x in bacterial Ni- 

wash buffer (PBSA + 500 mM NaCI, 1% Tween-20, 50 mM imidazole). Resin 

was stored as a 1:1 slurry in resin storage buffer (PBSA + 500 mM NaCI, 0.1% 

Tween-20). Alternatively, bound protein was eluted in Ni-elution buffer (PBSA + 

250 mM imidazole), for 30 min at room temperature with rotation, and then 

dialysed overnight against 1000 volumes CnBr coupling buffer (100 mM 

NaHCOs, 500 mM NaCI, pH 8.3).

3.8.3 Purification of proteins on GST-resin

Glutathione sepharose resin, prewashed in bacterial lysis buffer, was added to 

soluble fractions, and incubated with rotation at room temperature for 30 min. 

Resin was pelleted by centrifugation at 100 ref, and washed 5x in bacterial 

GST-wash buffer (PBSA + 500 mM NaCI, 1% Tween-20). Resin was stored as 

a 1:1 slurry in resin storage buffer (PBSA + 500 mM NaCI, 0.1% Tween-20).

3.8.4 Coupling purified protein to CnBr resin

Purified protein in CnBr coupling buffer (see 3.8.2) was assayed and diluted to 

1 mg/ml. As a control, BSA was diluted to 1 mg/ml in CnBr coupling buffer. 

CnBr-activated sepharose was washed in at least 50 volumes 1 mM HCI, 

pelleting by centrifugation at 100 ref for 30 s. Following the final wash, all HCI 

solution was removed and purified proteins were added. Proteins were coupled 

for 2 h at room temperature, with rotation. Following coupling, resins were 

pelleted by centrifugation. The supernatant was assayed to calculate binding 

efficiency, which was typically 20% for His-HI L-C110S and 90% for BSA.

Resins were washed once in CnBr coupling buffer, and then blocked in CnBr

blocking buffer (1M ethanolamine, 500 mM NaCI) for 2 h at room temperature 

with rotation. Resins were washed using 3 rounds of 2 sequential incubations
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in CnBr acid wash (100 mM potassium acetate, 500 mM NaCI, pH 4.0 with 

acetic acid) and CnBr basic wash (100 mM Tris.HCI pH 8.8, 500 mM NaCI). 

Resins were finally washed once in resin storage buffer, and stored as a 1:1 

slurry in the same buffer, at 4”C.

3.9 Peptides

Peptides used in this thesis are described in Table 3.7. All were synthesised by 

the Protein and Peptide Chemistry Laboratory at Cancer Research UK.

Table 3.7: Peptides

Peptide Sequence

A 36R-Y112 C G G APSTEHIYDSVAG ST

A36R-Y112P CG G APSTEHIpYDSVA G ST

A 36R-Y132 C G G E Q TIY Q N TT

A36R-Y132P CG G EQ TIpYQ N TT

H1L-N20 M DKKSLYKYLLLRSTGDMHKC

3.9.1 Coupling peptides to sulfoiink resin

Peptides were coupled to sulfoiink resin (Pierce) according to the 

manufacturer’s instructions. Briefly, 2-5 mg peptide was dissolved in 2 ml 

coupling buffer, and bound to 200-500 p\ resin for 45 min at room temperature. 

The resin was blocked in coupling buffer containing 8 mg/ml L-cysteine.HCI for 

45 min and then washed 4 times in wash buffer before washing 3 times in 

ddHgO containing 0.05% sodium azide. Resins were stored in ddHgO containing 

0.05% sodium azide at 4°C.

3.9.2 Peptide pull-down experiments

1M sodium orthovanadate, pH 10.0 was added to bacterial soluble fractions to 

give a final concentration of 1 mM. NaCI was added to give a final 

concentration of 500 mM. Peptide resins, pre-washed in bacterial lysis buffer 

were then added to the soluble fractions, and incubated for 30 min at room
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temperature with rotation. Resins were pelleted by centrifugation at 100 ref and 

washed in peptide-pull-down wash buffer (PBSA + 500 mM NaCI, 1% Tween- 

20, 1 mM vanadate). Bound proteins were eluted by boiling in protein sample 

buffer for 5 min.

3.9.3 Peptide Inhibition of antibodies

1 mg/ml peptide solution in coupling buffer was added to IF-blocking buffer at 

1:100 dilution, prior to addition of primary antibody.

3.10 Generation of polyclonal antibodies

3.10.1 Generation of bleeds

Peptides were coupled to maleimide activated keyhole limpet haemocyanin 

(KLH, Pierce) according to the manufacturer's instructions. Briefly, 2 mg 

peptide was dissolved in 500 p\ sterile dHgO. KLH was dissolved in 230 p\ 

sterile dHgO, and the two solutions were mixed and incubated for 2 h at room 

temperature. Peptide-KLH conjugates were isolated by applying the mixture to 

a D-Salt Dextran desalting column (Pierce), and eluting in 0.5 ml aliquots of 

sterile PBSA. The conjugate-containing aliquots were identified by 

measurement of OD280, pooled, and quantified using Biorad protein assay 

reagent.

A primary injection sample of 200 pg immunogen in 1.2 ml PBSA, and 5 boosts 

of 100 pg immunogen in 1.2 ml PBSA were shipped to Harlan Sera-Lab for 

injection into two rabbits. Boosts were injected 14, 28, 42, 56 and 70 days post 

immunisation. Bleeds were taken 35, 49 and 63 days post immunisation, with a 

terminal bleed taken on day 77.

3.10.2 Affinity purification

Sulfolink-peptide resins were prepared as described in 3.9.1, in 2 ml column 

format. Columns were washed first with TEA buffer (100 mM triethylamine pH
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11.5), then with PBSA, then with glycine buffer (100 mM glycine pH 2.5), then 

with PBSA. Bleeds were diluted 1:1 in PBSA and clarified, first by 

centrifugation at 12,000 ref, then by filtration through a 0.45 filter. Bleeds 

were passed through the column twice to bind antibody, and then washed once 

in column wash buffer (PBSA + 250 mM NaCI), and finally once in PBSA. 

Antibody was eluted using 1 ml aliquots of glycine buffer, and immediately 

neutralised using 1M Tris.HCI pH 8.8. Antibody-containing fractions were 

identified by measuring OD280. Positive fractions were tested for specificity as 

described in section 5.2. Fractions with identical specificity were pooled, diluted 

1:1 with glycerol, and stored in aliquots at -20“C.
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Chapter 4

A role for Grb2 in the actin-based motility of vaccinia virus

4.1 Background

Previous work, in our laboratory and others, identified the viral integral 

membrane protein A36R as essential for the formation of actin tails by vaccinia 

virus (Sanderson et al., 1998a; Wolffe et al., 1998). A virus with a targeted 

disruption of the A36R gene (AA36R) forms lEV particles but fails to generate 

actin tails. More importantly, tail formation can be restored by transient 

transfection of wild-type A36R expressed under a synthetic viral promoter 

(Frischknecht et al., 1999c). Based on the observation that virus particles 

forming actin tails label strongly with an antibody against phosphotyrosine, 

mutations were made in the A36R gene to inactivate each potential tyrosine 

phosphorylation site sequentially (Frischknecht et al., 1999a; Frischknecht et 

al., 1999c). These A36R tyrosine-mutants were then tested for their ability to 

rescue the tail-formation defect of AA36R. It was found that mutation of 

tyrosine 112 to phenylalanine (Y112F) greatly reduces actin tail forming 

efficiency compared to that of wild-type A36R. Mutation of a neighbouring 

tyrosine (Y132F) resulted in a partial, less severe drop in tail-forming efficiency. 

Complete ablation of actin tail formation by transiently expressed A36R in 

AA36R-infected cells required mutation of both Y112 and Y132 (YdF) 

(Frischknecht et al., 1999c). Finally western blot analysis confirmed that both 

residues are tyrosine phosphorylated in vivo (Frischknecht et al., 1999c).

A number of host proteins were found to be recruited specifically to virus 

particles forming actin tails. These include the actin-nucleating Arp2/3 complex, 

the Arp2/3 complex stimulator N-WASP, and the SH2 domain-containing 

adaptor protein Nek (Frischknecht et al., 1999a; Frischknecht et al., 1999c). 

Using phosphopeptide binding assays, tyrosine 112 of A36R was shown to be a 

binding site for Nek, while recruitment of N-WASP was shown to be dependent
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on a further component of the complex, WIP (Moreau et al., 2000; Snapper et 

al., 2001). A linear cascade of events linking A36R phosphorylation at Y112, 

recruitment of Nek, WIP and N-WASP, and localised activation of the Arp2/3 

complex was proposed to initiate and maintain the formation of actin tails by 

vaccinia virus (Frischknecht and Way, 2001).

However, the role of Y132 and its phosphorylation in this pathway was unclear. 

Preliminary work had identified Grb2 as a possible component of the tail- 

formation complex, based on the recruitment of GFP-Grb2 to actin tail-forming 

virus particles, although the significance of this result was unknown. The aim of 

the work presented in this chapter was to examine if Grb2 is recruited to the tail- 

forming complex, to determine the molecular basis of this recruitment, and to 

demonstrate the function of Grb2  in this context.

4.2 Grb2 is recruited to actin tail-forming virus particles through two 

distinct protein-protein interactions

4.2.1 Grb2 is recruited to vaccinia particles forming actin tails

To test the possibility that tail-forming virus particles are able to non-specifically 

recruit SH2-domain containing adaptor proteins, the recruitment of GFP-Grb2 to 

this location was compared with that of a second SH2 domain-containing 

adaptor protein, GFP-Crk2. GFP-tagged Grb2, Ncki, Nck2 and Crk2 were 

expressed transiently in WR vaccinia-infected HeLa cells under a synthetic 

early/late promoter (pE/L), and at 8  hours post infection (hpi), were fixed and 

processed for immunofluorescence microscopy (Figure 4.1). While Grb2, Ncki 

and Nck2 are all recruited strongly to actin tail-forming particles, Crk2 

localisation is diffuse, even at high levels of expression.

The recruitment of endogenous Grb2 to actin tail-forming virus particles was

then assessed using antibodies specific for Grb2 . Of four antibodies tested,

only one (C-23, Santa Cruz, CA, USA) labelled vaccinia virus particles, and this

antibody specifically required dual PFA/Triton-XlOO (P/T) fixation to give virus

particle localisation (see 3.4.1). In uninfected cells, Grb2 localisation is largely
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GFP actin A36R

Figure 4.1 Grb2 localises to sites of actin polymerisation beneath 

vaccinia virus particles. Immunofluorescence analysis o f GFP-tagged 

adaptor proteins, expressed ectopically in vaccinia-infected HeLa cells. GFP-Grb2, 

-N c k i, and -Nck2 but not -Crk2 are recruited to sites o f actin tail formation, 

where they colocalise with viral protein A36R. Scale bar 2 ;<m. Arrowheads 

highlight virus particles on tips o f actin tails. Images are representative o f more 

than 200 cells in each of at least 3 independent experiments. Cells were infected 

for 6 h, transfected for 2 h, and fixed at 8 hpi.
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diffuse, consistent with its known cytoplasmic distribution (Figure 4.2a). 

However, in vaccinia-infected HeLa cells, C-23 aGrb2 antibody specifically 

labels virus particles associated with actin tails (Figure 4.2b).

It should be noted here that due caution should be observed when interpreting 

localisations by immunofluorescence, especially since unlike western blotting, 

the technique yields no information about the molecular weight of the protein or 

proteins detected. The ideal control to test the specificity of an antibody for a 

particular antigen is to confirm lack of labelling in cells in which the antigen is 

absent. Throughout the following results chapters, this control has been used 

to test antibodies against viral proteins by applying the antibody to uninfected 

cells. Except where otherwise stated, this control confirms the specificity of the 

antibody.

In the case of antibodies against host proteins such as Grb2, the equivalent null 

or knock-down cell line may not be available. Under these circumstances, a 

combination of less reliable indicators may be used to estimate the specificity of 

the antibody for immunofluorescence. It is highly desirable that the antibody 

concerned should recognise a single band of the correct molecular weight by 

western blot, although the two techniques are not guaranteed to yield 

comparable results (for an example, see Chapter 5). A second indicator may 

be the localisation of tagged, exogenously expressed forms of the antigen -  the 

tagged form should adopt the same localisation as the endogenous protein, 

although in many cases addition of the tag or protein overexpression may 

significantly alter the localisation of the protein relative to the endogenous. A 

tagging approach may also be used to deliberately target an overexpressed 

protein to a different cellular structure (for example, the mitochondria), which 

may then be used to test the specificity of the antibody on the basis of its ability 

to label the targeted location. Data from a combination of the above 

techniques, combined with that from earlier reports has been used to assess 

the suitability of antibodies used in this thesis.

118



Figure 4.2 Endogenous Grb2 is recruited to sites of actin 

polymerisation beneath vaccinia virus particles. Immunofluorescence 

analysis of uninfected (a) and vaccinia-infected (b) HeLa cells reveals 

endogenous Grb2 (green) is diffuse in uninfected cells, and is recruited to the 

origin o f each actin tail (red) in infected cells. Scale bars \ 0  fim.  Boxed area is 

2x magnified. Images are representative of more than 200 cells in each of at least 

3 independent experiments. Cells were fixed at 8 hpi.
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4.2.2 Grb2 recruitment depends on tyrosine phosphoryiation ofA36R at Y132

Given the previous observation that tyrosine 132 of A36R plays a role in actin- 

tail formation, we wondered whether Grb2 recruitment requires phosphorylation 

of this residue. Comparison of the sequence surrounding Y132 with that of 

known Grb2-SH2 binding sequences suggested that this phosphorylation site 

matches the established consensus (Figure 4.3a) (Songyang et al., 1994).

HeLa cells were infected with AA36R vaccinia virus, and transiently transfected 

with constructs encoding wild type (WT), Y112F, and Y132F forms of A36R 

under the pE/L promoter. Cells were fixed at 8  hpi and processed for 

immunofluorescence microscopy, using antibodies against endogenous Nek, 

Grb2, WIP and N-WASP. In cells expressing WT A36R, Grb2, Nek, WIP and N- 

WASP are all recruited to virus particles forming actin tails (Figure 4.3b). 

Although few cells expressing A36R-Y112F contain actin tails, where tails are 

formed, Grb2 , WIP and N-WASP recruitment are observed but Nek is absent 

from the complex (Figure 4.3b). In contrast, virus particles containing A36R- 

Y132F generate actin tails and recruit Nek, WIP and N-WASP, but not Grb2  

(Figure 4.3b).

The absence of Grb2 at virus particles containing A36R-Y132F suggests that 

Grb2 is recruited to the complex following phosphorylation of this residue. To 

confirm this observation in vitro, and to test whether Grb2 and A36R interact 

directly, pull-down assays using bacterially expressed proteins and synthesised 

peptides were performed. Soluble, full-length, His-tagged Grb2 and Ncki were 

produced in E. coli, and peptides corresponding to the sequences surrounding 

A36R Y1 12 and Y132, either phosphorylated or unphosphorylated at these 

positions, were immobilised by covalent attachment to sulfoiink resin (Figure 

4.4a). While the Y112P peptide resin specifically retains His-Ncki, the Y132P 

resin pulls down His-Grb2 from bacterial soluble fractions containing an 

approximately 1:1 mixture of the two adaptor proteins (Figure 4.4b). Neither of 

the unphosphorylated peptides binds either adaptor protein (Figure 4.4b). This 

shows that Grb2 is able to bind directly to phosphorylated Y132 in A36R.
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Figure 4.3 Grb2 recruitment requires tyrosine phosphorylation of 

Y132 in A36R. a A36R sequence surrounding Y 132 compared with the consensus 

for Grb2-SH2 domain binding. Red tyrosine is Y 132 phosphorylation site, 

b Immunofluorescence analysis o f HeLa cells infected with AA36R vaccinia virus 

and expressing the indicated A36R rescue constructs. Virus particles containing 

A36R (Y112F) recruit Grb2, WIP and N-WASP, whereas those containing 

A36R (YI32F) recruit Nek, WIP and N-WASP. Red corresponds to actin, green 

corresponds to the indicated endogenous proteins. Scale bar 2 /^m. Images are 

representative o f more than 200 cells in each of at least 3 independent experiments. 

Cells were infected for 4 h, transfected for 4 h, and fixed at 8 hpi.

121



A36R Y112(P) CGGAPSTEHI (p) YDSVAGST 

A36RY132(P) CGGEQTI (p> YQNTT

 Grb2/Nck1 m ix------
MW /kDa SF Y112 Y112P Y132 Y132P

45 -  - <  N cki

-  - -  Grb2

 Nck1-SH2   Grb2-SH2------
M W /kDa Y112 Y112P Y132 Y132P Y112 Y112P Y132 Y132P

21.5 —

—  # # #

Figure 4.4 Grb2 binds specifically and directly to a Y132P peptide 

in vitro via its SH2 domain, a Sequences o f the A36R peptides corresponding 

to predicted Ncki and Grb2 binding sites which were used to generate affinity 

resins. Red indicates the phosphorylated tyrosine residue. P indicates the presence 

of phosphate in all peptide names, b Coomassie-stained gel showing bacterially 

expressed His-Nckl and His-Grb2 bound to A36R peptide resins. A36R-Y112? 

specifically retains His-Nckl from a 1:1 mixture o f H is-Nckl and His-Grb2 soluble 

fractions (SF), whereas A36R-Y132P specifically retains His-Grb2 from the same 

mixture. Both interactions require phosphorylation o f the tyrosine residues indicated 

in a. C Coomassie-stained gel showing bacterially-expressed His-Nckl-SH2 and 

His-Grb2-SH2 bound to A36R peptide resins. H is-Nckl-SH2 is specifically retained 

from a bacterial soluble fraction on Y112P resin while His-Grb2-SH2 is specifically 

retained on Y132P resin. Both interactions require phosphorylation o f the tyrosine 

residues indicated in a.
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To test whether this interaction occurs via the SH2  domain of Grb2, the isolated 

SH2 domains of Grb2 and Nck1 were expressed in E. coli and passed over the 

Y112/Y132 resins used above. Grb2-SH2 binds strongly to the Y132P peptide 

and very weakly to the Y112P peptide, whereas Nck1-SH2 displays strong 

binding to the Y112P peptide compared with weak binding to the Y132P peptide 

(Figure 4.4c). As was the case with full-length proteins, neither Grb2-SH2 nor 

Nck1-SH2 bound to unphosphorylated Y 1 12 or Y132 peptides (Figure 4.4c). In 

conclusion, a direct interaction between phosphorylated Y132 in A36R and the 

SH2 domain of Grb2  mediates its recruitment to virus particles forming actin 

tails.

4.2.3 Grb2 recruitment depends on its SH2 domain and at least one SH3 

domain

If recruitment of Grb2  to actin tail-forming virus particles involves an interaction 

between its SH2 domain and phosphorylated A36R, inactivation of the Grb2 

SH2 domain by mutation may block this recruitment. To assess whether this is 

indeed the case, mutations were made in Grb2 to inactivate either or both of the 

terminal SH3 domains (W36K, W193K, WdK), or the SH2 domain (R8 6 K), 

based on (Tanaka et al., 1997). Additionally, truncated forms of Grb2 were 

constructed, to include the isolated domains (SH3(N), SH2 , SH3(C)) or 

combinations of these (SH3-SH2, SH2-SH3) (Figure 4.5a). GFP-tagged Grb2 

mutants and domains were transiently expressed in WR vaccinia-infected cells, 

which were fixed at 8  hpi and processed for immunofluorescence microscopy.

While mutation of either of the terminal SH3 domains reduces Grb2 recruitment 

to actin tail-forming virus particles, mutation of the SH2 domain completely 

abolishes recruitment (Figure 4.5b, R8 6 K). A form of Grb2 with inactivating 

mutations in both SH3 domains also fails to be recruited to virus particles
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Figure 4.5 Grb2 recruitment requires its SH2 domain and at least one

SH3 domain, a Domain structure o f Grb2, showing location o f residues which

are mutated to inactivate each domain. Table summarising recruitment o f GFP-

tagged Grb2 mutants and domains to actin tail-forming virus particles when

expressed transiently in vaccinia-infected HeLa cells. Recruitment o f Grb2 requires

the activity of both the SH2 domain and at least one o f the two SH3 domains. ++-t-

denotes strong recruitment, -f- denotes weak, above background recruitment, and -

denotes lack o f recruitment, b Representative immunofluorescence data illustrating

Grb2 expression clones indicated in a. Red corresponds to actin, green corresponds

to GFP. Arrowheads highlight actin tail-forming virus particles. Scale bar 2 ^m.

Images are representative o f more than 200 cells in each o f at least 3 independent

experiments. Cells were infected for 6 h, transfected for 2 h, and fixed at 8 hpi. A ll

Grb2 constructs tested adopted diffuse localisations in control, uninfected cells.
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forming actin tails, suggesting that at least one SH3 domain is required for 

efficient targeting to the complex (Figure 4.5b, WdK). This is confirmed by the 

observation that the SH2  domain alone of Grb2 is insufficient for recruitment, as 

are the individual SH3 domains alone (Figure 4.5a SH3(N), SH2, SH3(C)). 

However, truncated versions of Grb2 lacking either the amino-terminal or the 

carboxy-terminal SH3 domain are targeted to actin tail-forming virus particles, 

adding further weight to the assertion that the SH2 domain and at least one 

SH3 domain are required for the recruitment of Grb2 to the virus particles 

forming actin tails (Figure 4.5b, SH3-SH2, SH2-SH3).

4.2.4 Grb2 overexpression promotes actin tail formation by A36R-Y112F

Overexpression of adaptor proteins often inhibits the processes that they 

mediate (Rodriguez-Viciana et al., 1997). This occurs because a decreased 

proportion of the adaptor is complexed with its downstream target, and so the 

level of signal that is passed through the adaptor is reduced. In light of this, the 

dominant-negative effect of Grb2  overexpression on vaccinia actin tail-formation 

was tested. Cells were transiently transfected with GFP-tagged Grb2  or Ncki 

constructs, and 24 h later were infected with WR vaccinia. At 8  hpi, cells were 

fixed and processed for immunofluorescence microscopy. In cells 

overexpressing the Ncki SH2 domain, actin tail-formation is significantly 

reduced. However, actin tails are generated with equal efficiency in cells 

expressing all tested Grb2  mutants and domains (Figure 4.6).

Experiments using A36R tyrosine mutants to rescue actin tail-formation in 

AA36R vaccinia-infected cells suggest that under normal circumstances, both 

Nek and Grb2 are present in the complex, and that Nek alone is sufficient to 

mediate actin tail-formation, albeit with reduced efficiency (Figure 4.3b) 

(Frischknecht et al., 1999c). However, some actin tails are formed when A36R- 

Y112F is overexpressed. A36R-Y112F fails to recruit Nek but recruits Grb2, 

WIP and N-WASP (Figure 4.3b). Since these tails are formed in the absence of 

Nek and are therefore more dependent on Grb2, they are likely to be more 

sensitive to inhibition by Grb2 overexpression than those formed by WT A36R.
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Graph showing % transfected cells with actin tails 
following transfection with adaptor protein mutants

I □  no tails 
« 1 1 0  tails 
■  >10 tails

GFP GFP-Ncki GFP-Ncki- GFP-Ncki- GFP-Gfb2 GFP-Grb2- GFP-Grb2- GFP-Grb2- GFP-Grb2- GFP-Grb2- 
R308K SH2 R86K WdK SH2 NSH3 CSH3

Overexpressed protein

Figure 4.6 Overexpression of Grb2 and Grb2 mutants has no 

significant effect on actin tail formation. Graph showing % infected, 

transfected cells with greater than 10 (blue), 1-10 (maroon), or no actin tails 

(cream). Only GFP-Nckl-SH2 significantly reduces actin tail formation. 

Error bars represent standard deviation from the mean of three independent 

experiments.

126



This idea was tested by co-expressing GFP-Grb2 and A36R tyrosine mutants in 

AA36R vaccinia infected cells. Surprisingly however, Grb2 overexpression 

enhanced the formation of actin tails by A36R-Y112F (Figure 4.7).

4.2.5 Recruitment of Grb2 requires the poly-proline rich domain of N- WASP

The requirement for at least one SH3 domain of Grb2  for its recruitment to virus 

particles forming actin tails suggests that an SH3 domain binding protein 

present in the complex is responsible for Grb2 targeting. The SH3 domains of 

Grb2  are known to interact with numerous proteins via their poly-proline rich 

domains, and the best studied of these interactions is that between Grb2 and 

Sos. Recruitment of transiently expressed HA-Sos to virus particles forming 

actin tails was assessed by immunofluorescence microscopy of WR vaccinia 

infected HeLa cells. No Sos targeting to actin tail-forming virus particles was 

observed (Figure 4.8). Similarly, recruitment of GFP-tagged Dynamin2 , a 

second candidate Grb2-SH3 binding protein, could not be detected following 

transient expression in infected cells (Figure 4.8).

Grb2  is known to interact with N-WASP via an interaction between the SH3 

domains of Grb2 and the poly-proline rich region of N-WASP (Carlier et al., 

2000). Furthermore, this interaction enhances the ability of N-WASP to 

stimulate the activity of the Arp2/3 complex (Carlier et al., 2000). To test the 

possibility that N-WASP itself is responsible for the recruitment of Grb2  to 

vaccinia virus particles forming actin tails, GFP-tagged, truncated forms of N- 

WASP were transiently expressed in WR vaccinia-infected HeLa cells. The 

AWA construct lacks the carboxy-terminal WA domain that binds and activates 

the Arp2/3 complex (Figure 4.9a) (Higgs et al., 1999). The WH1 -CRIB 

construct lacks both this region and the neighbouring poly-proline rich domain 

(Figure 4.9a). Both constructs are recruited to virus particles where they block 

Arp2/3 complex recruitment and actin tail-formation (Moreau et al., 2000). 

However, while endogenous Grb2 is recruited efficiently to particles labelled 

with GFP-N-WASP-AWA, particles that are positive for GFP-N-WASP-WH1- 

CRIB fail to recruit endogenous Grb2 (Figure 4.9b). In contrast, endogenous
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% of cells with actin tails following transient overexpression 
of A36R Y-F mutants and Grb2 in AA36R vaccinia-infected cells
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Figure 4.7 Overexpression of Grb2 promotes actin tail-formation by 

A36R-Y112F. Graph showing % o f cells forming at least one actin tail following 

transient overexpression of A36R mutants and Grb2 in AA36R vaccinia-infected 

cells. Grb2 enhances tail formation, increasing the frequency o f A36R-Y112F 

actin tails by 5-fold (compare Y112F with Y112F -t- Grb2).
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actin actin/aHA/GFP
aHA/

Figure 4.8 Neither Sos nor Dynamin2 are recruited to vaccinia virus 

particles forming actin tails. Immunofluorescence analysis o f vaccinia- 

infected HeLa cells transiently expressing either HA-tagged Sos or GFP-tagged 

Dynamin2. Neither protein is recruited to actin tail-forming virus particles. HA 

is detected with otHA antibody. Red represents actin, green either aH A  or GFP. 

Scale bar 2 /^m. Arrowheads highlight site of actin-tail formation. Images are 

representative o f more than 200 cells in each o f at least 3 independent experiments. 

Cells were transfected for 24 h, infected for 8 h, and fixed at 8 hpi. Both proteins 

adopted diffuse localisations in uninfected cells.
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Figure 4.9 Grb2 recruitment to vaccinia requires the poly-proline rich 

domain of N-WASP. a Schematic representation o f N-WASP domains showing 

the extent of truncated proteins used in this experiment, b-c Immunofluorescence 

analysis o f Grb2 (b )  and Nek (C) localisation in vaccinia-infected HeLa cells that 

are overexpressing GFP-tagged truncated forms o f N-WASP (AWA and W H l- 

CRIB). Recruitment of Grb2 to virus particles is blocked by GFP-W Hl-CRIB but 

not by GFP-AWA. Recruitment o f Nek is unaffected. A27L is a marker of mature 

virus particles. Arrowheads highlight virus particles that have recruited GFP- 

tagged protein. Scale bar 2 jAm. Images are representative o f more than 200 cells in 

each of at least 3 independent experiments. Cells were infected for 4 h, transfected 

for 4 h, and fixed at 8 hpi.
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Nek is recruited to particles labelled with either truncated protein (Figure 4.9c). 

This suggests that under normal circumstances, (i.e. in the absence of A36R 

overexpression), Grb2 recruitment to the actin tail-forming complex requires 

both A36R-Y132 phosphorylation, and the poly-proline rich domain of N-WASP. 

Nek recruitment is however independent of the N-WASP poly-proline rich 

domain.

4.3 The role of Grb2 in vaccinia actin-based motility

4.3.1 A virus lacking the A36R Grb2-binding site forms actin tails less 

efficiently than the WT strain

Experiments in which actin tail formation in AA36R-infected cells is rescued by 

transient expression of A36R-Y132F suggest that while Grb2 is not necessary, 

its recruitment to virus particles increases the efficiency of tail formation 

(Frischknecht et al., 1999c). To confirm that this is indeed the case, and to 

verify that experiments using ectopic overexpression are comparable to those 

using the endogenous viral genome, a recombinant virus strain was generated 

carrying the Y132F mutation in the viral A36R gene. A36R-Y132F was 

introduced with flanking genomic sequences into AA36R virus by homologous 

recombination, and recombinants were selected and purified on the basis of 

increased plaque size.

The actin tail-forming efficiency of A36R-Y132F virus was assessed in 

comparison with WR vaccinia, and with strains carrying the mutations A36R- 

Y112F and A36R-YdF. In support of previous experiments using ectopic 

expression, A36R-Y132F virus forms tails less frequently than WR (Figure 

4.10a, Figure 4.10b), and fails to recruit Grb2 to the tail-forming complex 

(Figure 4.10c). However, in contrast to the ectopic rescue data, neither A36R- 

Y112F nor A36R-YdF viruses formed actin tails (Figure 4.10b). This suggests 

that while Grb2 increases the efficiency of actin-tail formation, it is unable to 

mediate the process independently of the A36R-Y112/Nck pathway in the
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Figure 4.10 A36R-Y132F virus forms actin tails less efficiently than 

WR virus, and fails to recruit Grb2. a Graph showing distrbution o f tail 

numbers in cells infected with WR or A36R-Y132F vaccinia virus. A36R-Y132F 

infected cells tend to have fewer actin tails than WR. b Graph showing % o f infected 

cells containing at least one actin tail (WR is normalised to 100%). A36R-Y132F 

virus generates actin tails in fewer cells. Neither A36R-Y112F virus nor A36R- 

YdF virus form actin tails. Greater than 200 cells were counted in each of 

five independent experiments C Immunofluorescence analysis o f cells infected with 

WR or A36R-Y132F viruses showing recruitment o f endogenous Grb2 and Nek 

(green) to actin (red) tail-forming virus particles. WR virus recruits both Grb2 and 

Nek, whereas A36R-Y132F virus only recruits Nek. Scale bar 2 pim. Images are 

representative o f more than 200 cells in each o f at least 3 independent experiments. 

Cells were fixed at 8 hpi.
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absence of A36R overexpression*. A36R-YdF virus has been shown to exhibit 

a significant defect in cell-to-cell spread, measured using plaque assay in 

confluent monolayers. This defect has been attributed to the inability of this 

virus to form actin tails. To test whether actin tail-formation and plaque size are 

related, plaques formed by each of the viruses (WR, A36R-Y112F, A36R- 

Y132F and A36R-YdF viruses) were measured. Although A36R-YdF plaques 

are significantly smaller than those formed by WR virus, plaques formed by 

A36R-Y112F and A36R-Y132F viruses are intermediate in size (Figure 4.11a- 

b). This suggests that while actin tail-formation is an important factor in 

determining cell-to-cell spread, the A36R adaptor binding sites may play 

additional roles in the transmission of the virus.

4.3.2 Grb2 is neither necessary nor sufficient for actin taii formation

While mutation of the Grb2-binding site in A36R demonstrates the function of 

this interaction in vivo, a role for Grb2 that is independent of its localisation to 

the tail-forming complex cannot be excluded using this approach. To confirm 

that Grb2 is not required for actin-tail formation, mouse embryonic fibroblasts 

carrying a targeted deletion in one Grb2  allele, and a hypomorphic mutation in 

the other allele (Grb2 -/E89K), were infected with vaccinia (Cheng et al., 1998; 

Saxton et al., 2001). Actin tails are formed in Grb2  -/E89K cells, and rescue 

with transient overexpression of GFP-Grb2 has no significant effect on tail 

formation (Figure 4.12a, Figure 4.12b). However, the presence of Grb2-E89K in 

this cell line precludes further meaningful experiments.

To confirm that actin tail-formation cannot occur in the absence of Nek, mouse 

embryonic fibroblasts with targeted disruptions in the genes encoding both 

Ncki and Nck2 were infected with vaccinia (Bladt et al., 2003). Infected Ncki-/-

Although all four virus (WR, A36R-Y112F, A 36R-Y132F and A36R-YdF) form particles which are able to migrate to the 

cell periphery and become exposed on the cell surface, the relative efficiency of this process in these viruses has not 

been accurately quantified. It is therefore difficult to distinguish between effects on actin tail formation and effects on 

early stages of the viral life cycle. Since actin tail formation only occurs at the cell surface (see Chapter 5), a  more 

accurate way of assessing tail-forming efficiency might be to score the proportion of surface-exposed C EV particles 

forming actin tails. Computational techniques capable of accurately counting large numbers of surface exposed virus 

particles and actin tails are currently under development in the laboratory.
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WR Y112F Y132F

k 'p.
&#

YdF

Mean plaque area, 3 days post infection

Virus

Figure 4.11 Neither Y112F nor Y132F viruses exhibit defects in cell- 

to-cell spread in a cultured monolayer, a Representative plaques formed 

by WR vaccinia virus and the three A36R mutant viruses Y 112F, Y132F and YdF 

in BS-C-1 cell monolayers, three days post infection. Both Y112F and Y132F 

viruses have similar plaque phenotypes to the wild-type virus, whereas YdF virus 

has a significant defect in cell-to-cell spread. Scale bar represents 1 mm. b Graph 

showing mean plaque areas o f the four viruses shown in a. Error bars are standard 

deviation from the mean. n=6,29,17,6 for WR, Y 112F, Y132F and YdF respectively.
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% of infected cells forming actin tails in the presence 
or absence of wild-type, endogenous Grb2
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Figure 4.12 Grb2 is not required for vaccinia actin tail-formation.

a Graph showing % of cells with at least one actin tail following infection 

of Grb2 -/E89K cells or wild-type mouse embryonic fibroblasts (MEF) with 

vaccinia. Tails are formed with almost equal efficiency in the absence of 

wild-type Grb2. 200 cells were counted in 4 independent experiments.

Error bars represent standard deviation from the mean, b Immunofluorescence 

analysis of Grb2 -/E89K cells infected with WR vaccinia. In both cell types, 

virus particles (red, Y132P*) form abundant actin tails (green). Boxed inserts 

are magnified 3 x. Scale bar 10;/m. Images are representative o f more than 200 

cells in each of at least 3 independent experiments. Cells were fixed at 10 hpi.

* described in Chapter 5
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Nck2 -/- cells were transiently transfected with GFP, GFP-Nck1 or GFP-Nck2, 

and were fixed at 8  hpi before processing for immunofluorescence microscopy. 

Actin tails are completely absent in cells lacking Nck1 and Nck2, whereas cells 

expressing either Ncki or Nck2 form actin tails, albeit with low efficiency (Figure 

4.13a). In general, actin tails formed in both the parental and rescued cells are 

also shorter and less well defined than those formed in HeLa cells (Figure 

4.13b).

Actin tails are only formed by virus particles that have reached the plasma 

membrane and fused with it to generate cell-associated enveloped virus (CEV) 

(Hollinshead et al., 2001 ; Rietdorf et al., 2001 ; Ward and Moss, 2001a). The 

inability of Ncki -/- Nck2 -/- cells to form actin tails may therefore be a result of 

their inability to host a complete viral life cycle, or may be a direct result of a 

requirement for Nek in actin tail-formation. To test which of these is the case, 

Ncki -/- Nck2 -/- cells (19-IRES) and the parental cell line, 13-wt, were infected 

with vaccinia and then fixed but not permeabilised, before labelling with an 

antibody against the extracellular domain of the viral lEV/CEV/EEV integral 

membrane protein, B5R. Both null cells and parental cells display surface- 

exposed B5R, suggesting that CEV are formed in these cells (Figure 4.14a). In 

both cell lines, lEV migrate from their origin in the TGN to the cell periphery, 

based on labelling with an antibody against A36R (Figure 4.14b). Taken 

together, these results suggest that Ncki -/- Nck2 -/- cells are able to host a 

complete viral life cycle, suggesting that Nek is directly required for actin tail 

formation by vaccinia virus.

4.4 Summary

Although Grb2 is neither necessary nor sufficient for the actin-based motility of 

vaccinia virus, it is targeted to virus particles forming actin tails and appears to 

increase the efficiency of actin tail formation. This could be achieved by either 

stabilising the actin tail-forming complex, or by enhancing the level of activation 

of N-WASP. In this respect, Grb2 appears to act as a secondary adaptor
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Figure 4.13 Nek is essential for the actin-based motility of vaccinia 

virus, a Graph showing % transfected cells with at least one actin tail. N ck i/ 

Nck2 double null cells (19-IRES) were infected with vaccinia and transfected 

with GFP, GFP-Nckl or GFP-Nck2. While GFP-transfected 19-IRES cells fail 

to make actin tails, both GFP-Nckl and GFP-Nck2 rescue actin tail formation 

in this cell type. 60 cells were counted in three independent experiments, 

b Representative immunofluorescence images o f infected cells. Parental 13-wt 

cells (top-left) express endogenous Nek (red, aNck) and form actin tails (green). 

19-IRES cells (top-right) fail to form actin tails and do not express Nek. 

Transfection with His-Nckl (bottom-left) or His-Nck2 (bottom-right) rescues 

actin tail formation in 19-IRES cells, although the resulting tails are short and 

poorly defined. Insert panels are magnified x 3. Images are representative o f more 

than 200 cells in each of at least 3 independent experiments. Cells were infected for

8 h, transfected for 3 h, and fixed at 11 hpi.
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13-wt parental 19-IRES Nck1/2 -/-

Figure 4.14 Nck1/2 -/- cells support the vaccinia life cycle, allowing 

the formation and egress of lEV virus particles. Immunofluorescence 

analysis o f WR vaccinia infected 13-wt and 19-IRES cells, a Using an antibody 

against the lEV-specific protein, B5R, on unpermeabilised cells, shows that lE V  

particles undergo normal fusion with the plasma membrane in both cell types, 

and are exposed at the cell surface, b A36R labelling reveals that lE V  virus 

particles are formed and accumulate at the cell periphery in both cell types. 

Images are representative o f more than 200 cells in each o f at least 3 independent 

experiments. Cells were fixed at 11 hpi.
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protein when compared with the role of Nek as a primary adaptor for the WIP/N- 

WASP complex (Scaplehorn et al., 2002).
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Chapter 5

Tyrosine phosphorylation of A36R occurs 

at the plasma membrane

5.1 Background

Following its discovery, the actin-based motility of vaccinia virus was assumed 

to be a mechanism by which virus particles are propelled through the cytoplasm 

to enhance their spread from cell to cell. However, confocal studies of infected 

cells, and video microscopy-based analysis of the dynamics of virus particle 

movement, pointed to a more complex system involving both actin and the 

microtubule cytoskeleton. lEV particles emerging from the TGN are transported 

along microtubules in a plus end-directed, kinesin-dependent manner, towards 

the cell periphery (Hollinshead et al., 2001 ; Rietdorf et al., 2001 ; Ward and 

Moss, 2001a). Upon fusing with the plasma membrane, viral lEV membrane 

proteins including A36R form a plasma membrane microdomain on which the 

outgoing CEV particle remains bound, and from which intracellular actin tail- 

formation is initiated (Newsome et al., 2004).

It was noticed that AA36R vaccinia virus, while generating lEV particles, fails to 

leave the TGN region to accumulate at the cell periphery (Rietdorf et al., 2001). 

By contrast, A36R-YdF virus, which is unable to form actin tails, is able to 

undergo microtubule-based motility (Rietdorf et al., 2001). This suggests that 

A36R is required for both the microtubule-based and actin-based motility of 

vaccinia virus, and is likely to play an important role in regulating the transition 

between these two different forms of spread. The aim of this chapter is to test 

the hypothesis that the switch from microtubule to actin-based motility involves 

tyrosine phosphorylation of A36R, and that this phosphorylation event is 

spatially restricted to the plasma membrane.
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5.2 Generation of phosphospecific antibodies against A36R

In order to determine the intracellular localisation of phosphorylated A36R, 

antibodies were raised against phosphorylated peptides corresponding to the 

regions surrounding the two known A36R tyrosine phosphorylation sites, Y112 

and Y132 (Figure 4.4a). The Y112P peptide spans residues 105-119 of A36R, 

while the Y132P peptide spans residues 128-136. Peptide-KLH conjugates 

were injected into rabbits (two per antigen), and the resulting bleeds were 

tested by western blot and immunofluorescence microscopy.

By western blot, recognition of a 50 kDa protein was assayed, from total protein 

extracts of cells infected with equal titres of WR, A36R-Y112F, A36R-Y132F, 

A36R-YdF or AA36R vaccinia viruses. Bleeds from both rabbits inoculated with 

Y112P peptide (#4479 and #4480) recognise a 50 kDa band in WR, A36R- 

Y112F and A36R-Y132F, but not in A36R-YdF or AA36R virus-infected cell 

extracts (Figure 5.1a). Bleeds from both rabbits inoculated with Y132P peptide 

(#4481 and #4482) however fail to recognise an A36R-specific, 50 kDa band 

(Figure 5.1a).

For immunofluorescence analysis, bleeds were tested on cells infected with the 

same panel of five viruses, using a range of fixations, and compared with a pan- 

A36R specific antibody. Bleeds from rabbits inoculated with Y112P peptide 

((#4479 and #4480) recognise A36R-positive virus particles in WR, A36R- 

Y112F, A36R-Y132F and A36R-YdF, but not AA36R virus-infected cells, 

suggesting they lack phosphospecificity in this application (Figure 5.1a). By 

contrast, bleeds from a rabbit inoculated with Y132P peptide (#4481) recognise 

A36R-positive virus particles in WR virus-infected cells only, and not in cells 

infected with the other four viruses tested (Figure 5.1a). This suggests that not 

only are the antibodies produced specific for the Y132 phosphorylation site, but 

also that Y132 is either not phosphorylated or not accessible in the A36R- 

Y112F virus. Bleeds from the second rabbit inoculated with Y132P peptide 

(#4482) failed to detect A36R-positive virus particles using any fixation tested 

(Figure 5.1a).
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a Pre-affinity purification

W estern blots Im m unofluorescence

Bleed Bleed

4479 4480 4481 4482 4479 4480 4481 4482

WR + - - WR + + -

Y112F + + - - Y112F + + - -

Y132F + + - - Y132F + + - -

YdF - - - - YdF + + - -

b Affinity purification

Y112 Y112P

Resin Resin
Y112P

Bieed input

FT FT

Y132 Y132P

Resin Resin
Y132P

Bieed input

Zl FT FT

Giycine eiutions: Y112G Y112PG Giycine eiutions: Y132G Y132PG

Figure 5.1 Isolation of antibodies specific for A36R tyrosine 

phosphorylation sites, a Tables showing performance of bleeds from 

A36R phosphopeptide-inoculated rabbits in western blot and immunofluorescence 

assays. Bleeds 4479 and 4480, from Y 112P-inoculated rabbits, detect A36R in 

total cell extracts of WR, Y112F and Y 132F (+), but not YdF (-) viruses. Both 

bleeds detect A36R-positive virus particles by immunofluorescence in cells infected 

with any of the four viruses. Bleed 4481, from a Y132P-inoculated rabbit, fails to 

detect A36R by western blot, and detects A36R-positive virus particles in WR- 

infected cells only. Bleed 4482, also from a Y 132P-inoculated rabbit, fails to 

detect A36R in either assay, b Schematic depiction of affinity purification protocol. 

Bleeds were combined and passed over non-phosphorylated peptides to remove 

non-phosphospecific antibody. The flow-through (FT) was then passed over the 

corresponding phosphopeptide resin. Bound antibody was then eluted using glycine.
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To purify phosphospecific antibody from the bleeds, a phosphospecific affinity- 

purification protocol was used (Figure 5.1b). Bleeds from rabbits inoculated 

with the same antigen were combined and first passed over a column 

containing unphosphorylated peptide antigen, to trap antibodies specific for 

unphosphorylated epitopes. The flow-through from this column was then 

passed over column containing phosphorylated peptide antigen, to concentrate 

phosphospecific antibodies, which were then eluted using washes of 100 mM 

glycine pH 2.5 and neutralised. Antibody eluted from the Y112P column 

purified from bleeds #4479 and #4480 is referred to as aY112P, and antibody 

eluted from the Y132P column purified from bleeds #4481 and #4482 is referred 

to as aY132P. Subsequent high pH washes in 100 mM triethylamine pH 11.5 

did not release further specific antibody.

aY112P and aY132P antibodies were then tested using the same procedures 

described above for unpurified bleeds. No significant differences between the 

behaviour of the parental bleeds and that of the purified antibodies were found. 

By western blot, aY112P recognises a strong 50 kDa band in cells infected with 

WR, A36R-Y112F and A36R-Y132F viruses, a weak band in cells infected with 

A36R-YdF virus, and no band in cells infected with AA36R virus (Figure 5.2a). 

This pattern is different to that recognised by a broad-specificity anti- 

phosphotyrosine antibody, 4G10, which detects a 50 kDa band strongly in WR 

and A36R-Y132F virus-infected cells only (Figure 5.2b). Using apan-A36R 

antibody as a probe confirms that A36R is present in equal amounts in cells 

infected with WR, A36R-Y112F, A36R-Y132F and A36R-YdF viruses, and is 

absent in cells infected with AA36R virus (Figure 5.2c). By 

immunofluorescence, aY112P recognises A36R-positive virus particles in WR, 

A36R-Y112F, A36R-Y132F and A36R-YdF virus-infected cells (Figure 5.3).

By western blot, aY132P antibody fails to detect a 50 kDa band corresponding 

to A36R. However, by immunofluorescence, aY132P specifically labels virus 

particles in cells infected with WR vaccinia, but not in cells infected with A36R-
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Figure 5.2 aY112P detects WT, Y112F and Y132F forms of 

A36R, and weakly detects A36R-YdF. a-c Western blots o f total protein 

samples from HeLa cells infected with WR vaccinia virus and the A36R mutants 

Y 112F, Y 132F, YdF and AA36R. a aY  112P detects a band o f the appropriate 

molecular weight in WR-, Y 112F- and Y 132F-infected cells. In YdF-infected cells, 

a weak signal is visible, whereas in AA36R-infected cells, no signal is visible, 

b 4G10 aphosphotyrosine antibody recognises a band corresponding to the 

molecular weight o f A36R in WR and Y 132F virus-infected cells only. C By 

contrast, an antibody raised against a different portion o f A36R detects the protein 

in WR-, Y112F-, Y132F- and YdF-infected cells, but not AA36R-infected cells.
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Y112F

Y132F

Figure 5.3 otY112P detects A36R independently of its tyrosine 

phosphorylation sites by immunofluorescence. Immunofluorescence 

analysis of HeLa cells infected with W R , A36R-Y 112F, A36R-Y 132F and 

A36R-YdF viruses, labelled with aY  112P antibody (green). A ll four viruses are 

labelled by aY  112R WR and Y132F viruses generate actin tails (red). Scale bar 

10 ;ym. Images are representative o f more than 200 cells in each o f at least 3 

independent experiments. Cells were fixed at 8 hpi. a  Y 112P fails to label any 

structure in uninfected controls.
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Y112F, A36R-Y132F, or A36R-YdF virus, where only a low level of background 

signal is visible (Figure 5.4). Only a subset of A36R-positive virus particles is 

strongly labelled with the antibody, corresponding with those particles that are 

forming actin tails (Figure 5.4). Since actin tail-formation occurs only at the 

plasma membrane, this suggests that phosphorylation of A36R is also restricted 

to the plasma membrane. Consistent with this, aY132P fails to label the TGN, 

which is loaded with A36R during infection (Figure 5.5).

The broad specificity aphosphotyrosine antibody, 4G10, also recognises virus 

particles forming actin tails (Figure 5.6). 4G10 labels WR and A36R-Y132F 

virus particles but not those formed by A36R-Y112F or A36R-YdF viruses. This 

could be interpreted as either recognition of the Y112 site only by 4G10, or as 

evidence that Y132 phosphorylation somehow depends on Y112. It is also 

impossible to rule out the possibility that the 4G10 signal is derived from a 

different protein in the complex whose recruitment is dependent on 

phosphorylation of Y112. aY132P however labels only WR virus particles, 

adding weight to the argument that phosphorylation at Y132 is dependent on 

Y112 phosphorylation. The fact that aY132P fails to label A36R-Y132F virus 

particles suggests that the antibody is specific for phosphorylation at Y132, and 

does not cross-react with the phosphorylated Y112 site.

To confirm that the failure of aY132P to recognise A36R-Y132F is due to lack of 

phosphorylation at this site, and not due to chemical differences between 

unphosphorylated tyrosine and phenylalanine, the effect of Y132 and Y132P 

blocking peptides on aY132P staining was tested by immunofluorescence 

microscopy, in a peptide competition assay. Y132P peptide effectively blocks 

labelling of virus particles by aY132P, but the unphosphorylated Y132 peptide 

has no effect on the antibody (Figure 5.7). aY132P is therefore specific for 

phosphorylated epitopes at this site.
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actin aY132P aA36R

Figure 5.4 aY132P labels actin tail-forming virus particles generated 

by WR virus, but not those formed by Y132F virus. Immunofluorescence 

analysis of HeLa cells infected with WR vaccinia virus and A36R mutant viruses 

Y 112F, Y132F and YdF. aY132P labels actin tail-forming virus particles formed by 

WR virus, but not those formed by Y132F virus. aY132P labels the subset of 

A36R-positive virus particles forming actin tails in WR virus-infected cells.

Large arrowheads highlight virus particles forming tails. Small arrowheads highlight 

virus particles not forming tails. Scale bar 5 /<m. Images are representative o f more 

than 200 cells in each of at least 3 independent experiments. Cells were fixed at 

8 hpi.
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Figure 5.5 aY132P does not label the A36R-positive trans-Golgi 

network. Immunofluorescence analyis o f WR vaccinia-infected cells. aY132P 

(red) fails to label the TGN, which is loaded with A36R (green) during infection. 

aY132P specifically labels actin tail-forming virus particles. Green arrowhead 

highlights TGN, yellow arrowheads highlight actin tail-forming virus particles. 

Scale bar 10;/m. Images are representative o f more than 200 cells in each of at 

least 3 independent experiments. Cells were fixed at 8 hpi.
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Figure 5.6 4G10 antibody labels WR and A36R-Y132F virus particles, 

but not A36R-Y112F or A36R-YdF. Immunofluorescence analysis o f cells 

infected with WR, A36R-Y112F, A36R-Y132F and A36R-YdF viruses, and 

labelled both with a broad specificity aphosphotyrosine antibody (4G10) and 

aY 132P. A36R-Y132F virus particles are not labelled by a  Y 132? antibody, but 

are labelled by 4G 10. In contrast, A36R-Y112F and A36R-YdF viruses are 

labelled by neither antibody. Solid arrowheads highlight virus particles. Outlined 

arrowheads highlight focal adhesions, which label strongly with 4G10. Scale bar 

2 //m. Images are representative o f more than 200 cells in each o f at least 3 

independent experiments. Cells were fixed at 8 hpi. Red represents aY132P, green 

represents 4G10, and blue represents viral DNA (DAPI).
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Figure 5.7 Labelling of actin tail-forming virus particles by aY132P is 

blocked by phosphorylated Y132 peptide, but not by the 

corresponding unphosphorylated peptide. Peptide-competition 

immunofluorescence analysis of WR vaccinia virus-infected HeLa cells labelled 

with a  Y 132? antibody, preincubated with or without Y 132 or Y 132? peptides.

Y 132? peptide efficiently blocks labelling o f actin tail-forming virus particles, 

whereas Y 132 peptide has no effect. Scale bar 5 /vm. Images are representative o f 

more than 200 cells in each o f at least 3 independent experiments. Cells were 

fixed at 8 hpi.
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5.3 Inhibition of A36R phosphotviation

The recognition of WT-A36R, A36R-Y112F and A36R-Y132F by aY112P on 

western blots conflicts with the data described above using both 4G10 and 

aY132P antibodies (Figures 5.4-7). A36R-Y112F detection by aY112P could 

be explained by cross-reaction with the Y132 phosphorylation site. However, 

evidence from experiments using 4G10 and aY132P suggests that this site is 

not phosphorylated in A36R-Y112F infections. To resolve this issue, both 

aY112P and aY132P antibodies were tested for their ability to detect A36R in 

situations where A36R phosphorylation is inhibited.

Cells were infected with either WR or AA36R vaccinia virus, and treated either 

with the src-family kinase inhibitor, PP2, or with its closely related, inactive 

analogue, PP3. Cells were then processed to generate total protein samples 

for western blot analysis with aY112P, or fixed and processed for 

immunofluorescence analysis with aY132P. Inhibition of A36R phosphorylation 

with PP2 has no effect on the ability of aY112P to detect A36R, despite a 

noticeable difference in phosphorylation detected by 4G10 (Figure 5.8). This 

confirms that aY 1 12P does not specifically detect A36R phosphorylation at 

Y112, and its reduced specificity for A36R-YdF must therefore have an 

alternative explanation.

In contrast, PP2 treatment strongly inhibits labelling of A36R-positive virus 

particles with aY132P, while PP3 has no effect (Figure 5.9). This suggests that 

Src-dependent phosphorylation of A36R at Y132 is detected by aY132P 

antibody. To support this observation, A36R phosphorylation was inhibited by 

overexpressing a GFP-tagged dominant negative form of Src (kinase-dead 

open mutant) in vaccinia-infected cells. Cells overexpressing this protein 

contain virus particles that recruit dominant negative Src and do not label with 

aY132P, whereas virus particles in neighbouring untransfected cells are 

detected by the phosphospecific antibody (Figure 5.10).
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Figure 5.8 Inhibition of A36R phosphorylation does not block 

A36R detection by aY112P antibody, a-c Western blots o f total 

protein samples from HeLa cells infected with WR or AA36R vaccinia 

virus and treated with 20 //M  PP3 or PP2. a A36R is detected by western 

blot in both PP2-and PP3-treated cells using a Y l 12P antibody, b 4G10 

antibody reveals A36R phosphorylation is inhibited by PP2 but not PP3. 

c Levels of A36R detected by a pan-A36R antibody are similar in PP2- 

and PP3-treated cells.
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Figure 5.9 Inhibition of A36R phosphorylation by PP2 blocks 

recognition of A36R by aY132P. Immunofluorescence analysis of 

vaccinia-infected HeLa cells treated with 10 PP3 or PP2. Inhibition 

o f src tyrosine kinase activity with PP2 inhibits actin tail (green) formation 

and prevents labelling of virus particles with aY132P (red). An inert 

analogue o f PP2, PP3, has neither effect. Scale bar 10 f4m. Boxed inserts 

are magnified 1.5 x. Images are representative o f more than 200 cells in each 

o f at least 3 independent experiments. Cells were infected for 7 h, treated for 

1 h. and fixed at 8 hpi.
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Figure 5.10 Overexpression of dom inant negative Src blocks 

labelling of virus particles with aY132P. Immunofluorescence 

analysis o f vaccinia virus-infected HeLa cells, transfected with a construct 

encoding a GFP-tagged, kinase-dead, open form o f Src. In untransfected cells 

(top), a Y l32? labels virus particles, whereas in transfected cells (below), 

GFP-src is recruited to virus particles and no aY I32P  labelling is detected 

on A36R-positive virus particles. Note that in uninfected cells and in cells 

lacking phosphorylated A36R, focal adhesions are labelled. Red corresponds 

to aYI32P, green corresponds to GFP-src. Scale bar 10 //m . White boxes are 

shown in the insert as separate channels, magnified 1.25x. Arrowheads 

highlight A36R-positive virus paiticles. Images are representative o f more 

than 200 cells in each o f at least 3 independent experiments. Cells were infected 

for 4 h, transfected for 4 h, and fixed at 8 hpi.
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To ensure that aY132P labelling is not blocked by every treatment that inhibits 

actin tail-formation, infected cells were transfected with N-WASP dominant 

negative constructs described in Chapter 4 (Figure 4.9a). Both GFP-AWA and 

GFP-WH1-CRIB are recruited to virus particles where they inhibit actin tail 

formation by blocking recruitment of the Arp2/3 complex by endogenous, full- 

length N-WASP (Moreau et al., 2000). Since N-WASP recruitment is thought to 

occur downstream of A36R phosphorylation, neither dominant negative protein 

should affect labelling with aY132P. Fulfilling this prediction, vaccinia infected 

cells expressing either GFP-AWA or GFP-WH1 -CRIB both contain virus 

particles that have recruited GFP-tagged N-WASP truncation mutants, and yet 

still label strongly with aY132P antibody (Figure 5.11). A36R phosphorylation 

at Y132P is therefore not inhibited by the absence of actin tail formation.

5.4 Phosphorylation of A36R and association of kinesin with virus 

particles are mutually exclusive

The precise sequence of events connecting kinesin-dependent, microtubule- 

based motility with actin-based motility is unknown. A36R phosphorylation is a 

critical component of this sequence, as it is directly responsible for recruitment 

of the actin tail-forming complex. However, since A36R also plays a critical role 

in mediating microtubule-based transport, it is possible that phosphorylation is 

also responsible for terminating the association of virus particles with kinesin.

As a first step towards testing this idea, infected cells were labelled with 

aY132P and akinesin antibodies. The two antibodies label separate populations 

of virus particles within the cell, and are mutually exclusive (Figure 5.12). This 

suggests either that A36R phosphorylation only occurs following kinesin 

dissociation, or alternatively that A36R phosphorylation is responsible for 

triggering immediate kinesin release.

5.5 Summary

Phosphospecific antibodies directed against A36R adaptor binding sites were 

used to demonstrate that phosphorylation of A36R occurs only at the plasma
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aY132P GFP □API aY132P/GFP

Figure 5.11 inhibition of actin tail-form ation by dom inant 

negative N-WASP truncation mutants does not block A36R  

Y132 phosphorylation. Immunofluorescence analysis o f HeLa cells 

infected with WR vaccinia virus and transiently transfected with the 

indicated GFP-N-WASP constructs (green). Virus particles (blue, DAPI) 

that have recruited either GFP-W Hl-CRIB or GFP-AWA label with aY132P 

antibody (red). Scale bar 2 //m. Images are representative o f more 

than 200 cells in each o f at least 3 independent experiments. Cells were 

infected for 2 h, transfected for 6 h, and fixed at 8 hpi.
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Figure 5.12 Phosphorylation of A36R and association of kinesin 

with A36R-positive virus particles are mutually exclusive.

Immunofluorescence analysis o f vaccinia-infected HeLa cells. Kinesin-posilive 

(green), A36R-positive virus particles are not labelled by aY132P (red). Scale 

bar 2 //m. Images are representative o f more than 200 cells in each o f at least 3 

independent experiments. Cells were fixed at 8 hpi.
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membrane in infected cells. Interestingly, phosphorylation of A36R-Y132 

appears to be dependent on phosphorylation of A36R-Y112, adding further 

weight to the proposal that Y132P and Grb2 form a secondary pathway which is 

dependent upon, but stabilises the primary Y112P/Nck component of the actin 

tail-forming complex. Initial observations indicate that association of kinesin 

with virus particles and phosphorylation of A36R are mutually exclusive events. 

Additional work in the lab has provided further evidence to support a model in 

which A36R phosphorylation by src-family kinases mediates a switch between 

the microtubule- and actin-based motility of vaccinia, and that this 

phosphorylation plays a key role in triggering the release of the virus from 

kinesin and microtubules (Chapter 8 ) (Newsome et al., 2004).
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Chapter 6

Vaccinia-mediated disruption of centrosome structure

6.1 Background

During the course of its infectious cycle, vaccinia virus disrupts the organisation 

of both the actin and microtubule cytoskeletons. While changes in the actin 

cytoskeleton include loss of stress-fibres, formation of actin-tails, and changes 

in the composition of focal adhesions, significant reorganisation of the 

microtubule network occurs (Cudmore et al., 1995; Frischknecht, 1999). The 

microtubule array, which normally radiates from the centrosome, becomes 

disorganised and lacks an obvious point of origin (Ploubidou et al., 2000). 

During the late stages of infection (from 12 hpi), some cells develop 

microtubules that form rings around the nucleus and throughout the cytoplasm, 

and many form long, ne u rite-1 ike extensions which are packed with bundled 

microtubules (Ploubidou et al., 2000). The formation of these extensions 

coincides with a significant increase in the motile behaviour of the infected cell 

(Sanderson et al., 1998b).

Loss of microtubule organisation in infected cells is likely to be a result of 

several different interactions between vaccinia and the host cell. For example, 

the viral proteins A10L and L4R have been found to bind microtubules, and 

appear to mediate the association of viral cores with the microtubule network 

(Ploubidou et al., 2000). However, these proteins are expressed late during 

infection (from 8  hpi) and are unlikely to account for any change that occurs 

shortly after viral entry. Perhaps the most significant early disruptive effect is 

detected as a dramatic loss of centrosomal proteins from the microtubule- 

organising centre (Ploubidou et al., 2000). Disruption of the centrosome occurs 

early in infection (from 2  hpi), and results in a severe reduction in the ability of 

the centrosome to nucleate microtubules (Ploubidou et al., 2000). The aim of 

the work presented in this chapter was to investigate the molecular basis of the
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centrosome disruption phenotype, and to characterise interactions between 

vaccinia virus and regulators of centrosome structure and function.

Experiments in this chapter were performed in collaboration with Dr Aspasia 

Ploubidou, EMBL. Her findings are acknowledged with the following reference 

(Ploubidou, 2000). Unless indicated, the data presented here was obtained by 

the candidate.

6.2 Centrosome disruption depends on packaged viral components

In order to assess the timeframe of vaccinia-induced centrosome disruption, an 

assay was devised to allow quantification of average centrosome size in a 

population of cells, using an antibody against y-tubulin as a marker. HeLa cells 

were infected with vaccinia at two different doses (moi=1, moi=5), and then 

fixed and processed for immunofluorescence analysis at 1, 2, 4, 6  and 8  hpi. 

Images of a random sample of centrosomes were captured and processed to 

calculate centrosome areas (see section 3.4.4). Since centrosome size varies 

through the cell cycle, increasing in size from G1 to the onset of mitosis, 

centrosome disruption is defined as a drop in centrosomal area below an 

arbitrary value, above which the majority of centrosomes in uninfected cells 

would fall. At each time-point, centrosomes with an area greater than 30 pixels 

were categorised as intact, while those of 30 pixels or smaller were defined as 

disrupted. In uninfected cells, more than 80% of centrosomes were defined as 

intact (Figure 6.1)^.

 ̂This technique (described in detail in section 3.4.4), while being less biased than a system relying on “by-eye” binary 

categorisation, is not without significant disadvantages. Firstly, the periphery of the centrosome is not clearly defined, 

and so subjective estimation must still be used in determining the threshold intensity that defines the centrosomal area. 

Secondly, great care must be taken to choose a sufficiently short standard exposure time to prevent flooding of the 

detectors with signal -  a  process that leads to leaking of signal to neighbouring pixels, and therefore a likely 

overestimation of centrosome size. A similar overestimation may be a result of poor focussing. Thirdly, although y- 

tubulin is an ideal marker for the pericentriolar material and for microtubule-nucleation potential, centriolar markers such 

as centrin may be more appropriate to define complete disruption of the centrosome, (as opposed to a change in the 

amount of PCM, which in any case fluctuates dramatically with the cell cycle). An attractive solution to many of these 

shortcomings would be to define the centrosomal area using colocalisation analysis of two different centriolar proteins. 

Such an analysis would depend on z-resolution of the two markers using confocal microscopy to ensure colocalisation 

in three dimensions. The area of the centrosome would be defined as the area over which both markers are above the 

threshold value. Such improvements are currently underway in the laboratory.
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Figure 6.1 Vaccinia virus disrupts association of y-tubulin with 

the centrosome. a Graph showing change in % o f HeLa cells with intact 

centrosomes over time during infections with low and high virus titres. In cells 

infected with moi=5, disruption begins in the first hour o f infection, while in cells 

infected with m o i= l, the onset o f disruption is delayed to between 2 and 4 hpi.

Each data point represents 25 centrosomes in each o f three independent experiments. 

Error bars depict standard deviation from the mean, b-c Representative 

immunofluorescence images o f centrosomes in anti-y-tubulin-labelled HeLa cells, 

before infection (b) and after 8 h of infection (c). Scale bar 2 //m.
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At a low multiplicity of infection (moi=1), centrosome disruption begins between 

2 and 4 hpi, which coincides with the onset of viral DNA replication and the 

formation of viral factories (Figure 6.1). However, where a higher viral titre is 

used (moi=5), disruption begins dramatically within the first hour of infection, 

coincident with viral entry and early gene expression. Such a dose-dependent 

response is consistent with a causative agent that is encapsidated within the 

virus particle itself. To test this hypothesis, centrosome destruction was 

monitored during infections in the presence of drugs that block different stages 

of the vaccinia life cycle.

Cycloheximide is commonly used to inhibit translation in many systems. In the 

case of vaccinia, it has been shown that protein synthesis is required for the 

uncoating of incoming virus particles (Holowczak, 1972; Sarov and Joklik, 

1972). Viral uncoating is a complex, poorly understood process involving 

several intermediates. Cycloheximide blocks this process at a defined point, 

before the release of viral DNA and its associated proteins from the core. To 

test whether viral uncoating is required for the centrosome disruption 

phenotype, cells were treated with 50 /yg/ml cycloheximide, and infected with 

vaccinia at high multiplicity (moi=5). In the absence of the drug, centrosome 

disruption begins within the first two hours of infection. However, centrosomes 

in cycloheximide-treated, infected cells remained intact throughout infection 

(Figure 6.2a). Immunofluorescence analysis confirmed that cycloheximide 

blocks the expression of both early and late viral genes (Figure 6.2b).

Late gene expression during infection depends on replication of the viral 

genome. Inhibitors of DNA replication such as hydroxyurea and cytosine 

arabinofuranoside (AraC) therefore block both virus replication and late gene 

expression, without preventing early gene expression. To confirm that late 

gene expression and virus replication are not required for centrosome 

disruption, cells were treated with 50 |vM AraC and infected with vaccinia at low 

(moi=1 ) and high (moi=5) titres. At the high titre, centrosomes are disrupted 

within the first 2 hours of infection, as is the case in the absence of AraC 

(Figure 6.3a, compare with Figure 6 .1 a). At the lower titre, centrosome
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Figure 6.2 Vaccinia-induced centrosome disruption is blocked by 

cycloheximide. Immunofluorescence analysis o f HeLa cells infected with 

vaccinia at an moi of 5, in the presence or absence of 50 /^g/ml cycloheximide. 

a Cycloheximide inhibits vaccinia-induced centrosome disruption. Red 

corresponds to y-tubulin, blue to DNA (DAPI). Scale bar 2 //m . 

b Cycloheximide blocks expression o f both early (H5R, green) and late 

(A27L, red) viral genes. Arrows highlight input virus at the cell surface, which 

labels strongly with a-A27L. Scale bar 10//m. Images are representative o f more 

than 200 cells in each o f at least 3 independent experiments.
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Figure 6.3 Vaccinia-induced centrosome disruption is not blocked by 

AraC. a Graph showing change in % of cells with intact centrosomes over 

time during infections in the presence of AraC with low and high virus titres.

AraC fails to inhibit viral dose-dependent centrosome disruption early in infection. 

(Compare with Figure 24). Each data point represents 25 centrosomes in each of 

3 independent experiments, b Immunofluoresence analysis o f cells infected with 

vaccinia at moi=5 in the presence o f AraC. AraC blocks expression o f late (A27L, 

red) viral genes but not early (H5R, green) viral genes. Arrow highlights input virus 

at the cell surface, which labels strongly with a-A27L. Scale bar 10 //m . Images are 

representative of more than 200 cells in each o f at least 3 independent experiments.
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disruption occurs in a small minority of cells during the first two hours of 

infection (Figure 6.3). At neither viral dose does disruption progress 

significantly between 2  and 8  hours post-infection in the presence of AraC 

(Figure 6.3a). Immunofluorescence analysis confirms that AraC blocks 

expression of late genes but does not affect early gene expression (Figure 

6.3b).

Taken together, these experiments suggest that centrosome disruption is a 

biphasic process. Early disruption, which is dependent on viral titre, occurs in 

the absence of late gene expression and virus replication, and so is likely to be 

dependent on either early gene expression or a component or components of 

the virus particle that are released following viral uncoating. Later disruption of 

the centrosome depends on viral DNA replication and late gene expression, 

suggesting that the components responsible are synthesised de novo as 

products of late genes. Alternatively, viral DNA itself triggers the centrosome 

disruption phenotype.

6.3 Centrosome disruption is delayed in the absence of F10L kinase

Previous work in the laboratory identified a viral mutant that is unable to disrupt 

the centrosome (Ploubidou, 2000). The virus, named ts28, carries a mutation in 

the gene encoding a dual-specificity kinase, F10L, which confers temperature 

sensitivity. At the non-permissive temperature (40°C), F10L is unstable and viral 

morphogenesis is stalled at a point that follows DNA replication but precedes 

the assembly of mature virus particles (Wang and Shuman, 1995). At the 

permissive temperature (32°C), viral morphogenesis proceeds and mature, 

infectious virus particles are produced. F10L is a product of late gene 

expression that is encapsidated in the mature virus particle. To test the 

possibility that F10L is responsible for the centrosome disruption phenotype, 

GFP-tagged F1 0 L was transiently expressed in uninfected HeLa cells. No 

discernable difference in centrosome integity was detected in cells expressing 

either GFP or GFP-F10L, as assessed by y-tubulin labelling and 

immunofluorescence microscopy (Ploubidou, 2000). As a tool for parallel
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studies of the role of F10L during infection, a catalytically inactive mutant of 

F10L (F10L-D307A) was generated by site-directed mutagenesis (Chapter 7). 

Overexpression of GFP-tagged F10L-D307A in uninfected HeLa cells also has 

no obvious impact on the centrosome as assessed by y-tubulin labelling (Figure 

6.4).

If F1OL alone is not able to induce the centrosome disruption phenotype, why 

then do centrosomes remain intact during infections with ts28 virus at the non- 

permissive temperature? To rule out the possibility that the high incubation 

temperature is responsible for protecting the centrosome from destruction 

during infections with ts28 vaccinia, HeLa cells were infected with WR vaccinia 

at 40“0. Viral replication and centrosome disruption both proceed normally in 

cells infected with WR virus at this temperature (Figure 6.5).

During further studies of the ts28 virus, it was noticed that centrosome 

disruption does in fact occur in cells infected with this mutant, but its onset is 

severely delayed, until 14-20 hpi. This late disruption could be a result of leaky 

activity of F10L kinase, or could be an indirect consequence of the absence of 

F10L. Attempts to generate an antibody specific for endogenous F10L that is 

suitable for immunofluorescence or western blot analysis of infected cells failed. 

It is therefore currently not possible to distinguish between these two 

possibilities.

6.4 HI L phosphatase disrupts the centrosome

In light of the loss of centrosome disruption in infections lacking F10L kinase 

activity, two further viral proteins were identified as candidates for the source of 

the centrosome disruption phenotype. B1R kinase and HI L phosphatase are 

both dual-specificity enzymes with the potential to directly affect the balance 

between phosphorylation and dephosphorylation of host and viral proteins 

during infection (Rempel and Traktman, 1992). However, a temperature 

sensitive virus lacking B1R activity still disrupts the centrosome, suggesting that 

this protein is not required for the disruption phenotype (Ploubidou, 2000).
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untransfected

GFP-F10L

GFP-F10L-D307A

Figure 6.4 Overexpression of GFP-F10L in uninfected cells has no 

obvious impact on centrosome integrity. Immunofluorescence analysis 

of HeLa cells expressing GFP-FIOL and GFP-F10L-D307A (green). 

Overexpression o f neither protein results in a centrosome disruption phenotype, 

as assessed by y-tubulin labelling (red). Scale bar 10//m. Images are representative 

of more than 200 cells in each o f at least 3 independent experiments. Cells were 

transfected for 48 h.
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Figure 6.5 WR-mediated centrosome destruction proceeds 

normally at 40°C. Representative immunofluorescence images of 

centrosomes in a-y-tubuiin (red) labelled HeLa cells at each temperature and time- 

point. Both centrosome destruction and formation of viral factories (DAPI, blue) 

proceed normally at this temperature. Scale bar 10 pim. Images are representative 

of more than 200 cells in each o f at least 3 independent experiments.
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MIL is an encapsidated component of the virus, and is expressed late in 

infection (Liu et a!., 1995). It therefore matches the expression profile of F10L, 

and fits the criteria defined in section 6.2. To test whether HI L can disrupt the 

centrosome, GFP-tagged MIL was transiently expressed in uninfected HeLa 

cells. GFP-H1 L localises to the centrosome in uninfected HeLa cells, and 

results in a dramatic loss of centrosomal y-tubulin labelling (Ploubidou, 2000) 

(Figure 6 .6 ). HI L alone is therefore able to induce a centrosome disruption 

phenotype in the absence of viral infection, which suggests that HI L may be 

responsible for generating the phenotype in infected cells.

The ability of HI L to disrupt the centrosome may be dependent on its ability to 

dephosphorylate host substrates that are involved directly or indirectly in the 

regulation of centrosome stability. To confirm that this is indeed the case, a 

mutation was introduced into the HI L open reading frame that eliminates the 

catalytic activity of the enzyme by converting a substrate-binding cysteine 

residue to serine (HI L-C110S) (Guan et al., 1991 ). Surprisingly, transient 

expression of GFP-tagged HI L-C1 IQS in uninfected cells also led to significant 

disruption of the centrosome (Figure 6 .6 a) (Ploubidou, 2000). GFP-H1L-C110S 

is also targeted to the centrosome in uninfected cells (Figure 6 .6 b).

HI L has a counterpart in human cells, the so-called “vaccinia HI-related” 

phosphatase VHR. However, HI L and VHR share only 24% identity, and it is 

not known to what extent the two proteins share common binding partners, 

substrates or functions. To assess whether VHR overexpression can also 

disrupt centrosome structure, the VHR open reading frame was amplified by 

PCR from a HeLa cell cDNA library, and tagged with GFP. GFP-VHR 

overexpression in uninfected HeLa cells has no obvious impact on centrosome 

stability as judged by centrosomal y-tubulin recruitment (Figure 6 .6 a). Unlike 

HI L or HI L-C110S, VHR does not localise to the centrosome, and appears to 

adopt a diffuse cytoplasmic and nuclear distribution (Figure 6 .6 b). Recruitment 

to the centrosome may therefore be an important factor in determining the 

disruptive activity of HI L.
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Graph showing % of uninfected HeLa cells with intact centrosomes 
following expression of indicated proteins
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Figure 6 . 6  Overexpression of GFP-H1L or GFP-H1L-C110S, but not 

GFP or GFP-VHR, results in a centrosome disruption phenotype.

a Graph showing % of HeLa cells with intact centrosomes following transient

overexpression o f GFP, GFP-HIL, G FP-H IL-C l lOS and GFP-VHR. Both

GFP-HIL and G FP-HIL-C l lOS disrupt centrosome structure while GFP and

GFP-VHR have no effect. Error bars represent standard deviation from the mean

of three independent experiments, in which 40 centrosomes were measured

per condition, b Immunofluorescence analysis o f HeLa cells overexpressing GFP,

GFP-H1L , GFP-H1L-C 11 OS and GFP-VHR. Both G FP-H IL and G FP -H lL -C 11 OS

(green) are recruited to the centrosome and disrupt y-tubulin (red) recruitment

(inserts highlighted by boxes). In contrast, neither GFP nor GFP-VHR are targetted

to the centrosome, and neither disrupts y-tubulin recruitment. Scale bar \0 fim.

Inserts are magnified 5 x. Images are representative o f more than 200 cells in each

of at least 3 independent experiments. Cells were transfected for 48 h.
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Although H1L is clearly able to disrupt the centrosome when overexpressed in 

uninfected cells, its role in the process during infection is not confirmed using 

this approach. To monitor the expression and localisation of endogenous HI L 

in vaccinia-infected cells, a polyclonal antibody was raised. A peptide 

corresponding to the amino-terminal 20 amino acids of H1L was coupled to 

KLM and injected into rabbits (Figure 6.7a). The resulting bleeds were affinity- 

purified over resins to which the antigen peptide had been covalently bound. 

The resulting antibody recognises a 25 kDa, virus-specific protein by western 

blot, and labels viral factories in infected cells (Figure 6.7b-d). H1L expression 

begins late in infection (from 6 - 8  hpi) (Figure 6.7b).

If HI L is responsible for centrosome disruption in vaccinia-infected cells, why 

then do infections that lack F10L kinase activity fail to disrupt the centrosome 

until late in the course of infection? To address this question, ts28 vaccinia- 

infected cells were fixed at a time at which roughly 50% of factory-positive 

infected cells had undergone significant centrosome disruption. The cells were 

then labelled with aH1L antibody and processed for immunofluorescence 

microscopy. It was noticed that cells with intact centrosomes tend to lack 

detectable levels of H1L, whereas those expressing H1L undergo centrosome 

disruption (Figure 6 .8 a). In a small minority of cells in which very little H1L is 

expressed, H1L is detected on or in close proximity to the centrosome, although 

in the majority of cases H1L localises exclusively to the viral factories (Figure 

6 .8 b).

These observations suggest that ts28 virus fails to disrupt the centrosome until 

late in infection because either the expression or stability of H1L is impaired in 

infections lacking F10L kinase activity. At the onset of H1L expression, H1L 

associates with the centrosome but is either rapidly transported to the viral 

factories, or is degraded at the centrosome while subsequently expressed H1L 

targets the factories. Further data concerning the role of F10L in targeting viral 

proteins to the factory region is presented in Chapter 7.
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Figure 6.7 Generation of an antibody specific for H1L. a Sequence o f 

H1L-N20 peptide used as antigen, corresponding to residues 1-20 o f H IL . 

b Western blot showing total protein samples o f WR vaccinia-infected cells taken 

at different time-points post-infection. H IL  expression is detectable between 6 and 

8 hpi. C Western blot showing total protein samples of uninfected and WR virus- 

infected cells, with or without transient expression of His-tagged H IL . ocHlL 

detects both endogenous and ectopically expressed protein, d Immunofluorescence 

analysis o f WR vaccinia-infected HeLa cells at 8 hpi using aH  1L antibody.

H IL  (red) colocalises with perinuclear, DAPI-positive viral factories (blue). Scale 

bar 10 /Yin. Images are representative o f more than 200 cells in each o f at least 3 

independent experiments. Cells were fixed at 8 hpi.
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Figure 6 . 8  The onset of H1L expression during vaccinia infection

correlates w ith centrosome d isruption, a Graph showing % o f HeLa

cells w ith  intact centrosomes fo llow ing  in fection w ith  ts28 vaccinia at 40°C.

Cells expressing H IL  are over 6 times more like ly  to have disrupted

centrosomes than those undergoing v ira l D N A replication but lacking H IL .

Error bars are standard deviation from  the mean o f three independent

experiments in which 25 centrosomes were measured fo r each condition.

b Immunofluorescence analysis o f ts28 vaccinia-infected HeLa cells at 10 hpi.

In cells expressing little  or no H IL  (green), centrosomes are intact (red),

whereas cells expressing H IL  have disrupted centrosomes. In a small number

o f cells expressing low levels o f H I L ,  H I L  can be seen at the centrosome.

Arrowheads h igh light the centrosome. Scale bar 10 / / m. Images are representative

of more than 200 cells in each o f at least 3 independent experiments.
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6.5 Identification of host and viral targets of H1L phosphatase

Having identified H1L as necessary and sufficient for the centrosome disruption 

phenotype in both infected and uninfected cells, an open-ended approach was 

adopted to identify host and viral targets of H1L. This approach took advantage 

of a property of tyrosine- and dual specificity phosphatases whereby inactive 

mutants in which the active site cysteine is converted to serine are able to bind 

stably to phosphorylated substrates (Flint et al., 1997). Using purified inactivate 

phosphatases as a bait to trap substrates has been a successful technique in 

several incidences (Galic et al., 2003; Kolli et al., 2004; Shiota et al., 2003).

The corresponding HI L mutant, HI L-C 11 OS is able to induce centrosome 

disruption as efficiently as the wild-type enzyme (Figure 6 .6 a). This suggests 

that H IL induces centrosome disruption through an interaction that is 

independent of the catalytic activity of the protein. This interaction might be 

with a substrate, in which case stable binding of HI L-C110S may functionally 

mimic the effect of dephosphorylation. Alternatively, the binding partner might 

interact with HI L in a completely different manner that does not involve the 

catalytic site of the HIL. In either case, purified HIL-C11 0S would be expected 

to bind stably to its relevant target, which could then be identified using SDS- 

PAGE and mass-spectrometry.

Initial experiments followed the scheme set out in Figure 6.9a. His-tagged H1 L- 

C110S (or His-tagged Ncki as a control) was expressed either in uninfected 

cells (under a CMV promoter) or in infected cells (under the pE/L poxviral 

promoter). Extracts from these cells were passed over Ni-NTA resins, which 

were washed in lysis buffer before bound proteins were separated by SDS- 

PAGE. In general, this approach generated insufficient quantities of His-tagged 

protein to enable identification of proteins pulled down with the bait (Figure 

6 .10).
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Figure 6.9 Protocols to Isolate H1L binding partners, a Transiently 

expressed His-HlL-CllOS and its binding partners in HeLa cells are purified using 

Ni-NTA resin, b Bacterially expressed His-HlL-CllOS is bound to Ni-NTA resin 

and HeLa cell extracts are passed over to trap HlL-binding proteins. C Bacterially 

expressed His-HIL-Cl lOS is purified on Ni-NTA resin, eluted, and covalently 

coupled to cyanogen bromide (CnBr) resin. HeLa cell extracts are passed over to 

immobilise HlL-binding proteins, which are eluted with glycine. For detailed 

protocols including buffer compositions, see sections 3.6 and 3.8.4.
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Figure 6.10 Pull-down assay using H is -H IL -C IIO S  transiently  

expressed in HeLa cells. Coomassie-stained SDS-PAGE gel showing 

proteins bound to Ni-NTA resin from cells transiently expressing His-Nckl 

or His-H 1L -C 11 OS. No major His-H 1L -C 11 OS-specific bands are visible 

in the pull-down (PD) lane. EX = soluble protein extracts.
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To remedy this problem, His-H1 L-C 11 OS was expressed in E. coli. Large 

quantities of His-HI L-C110S could be isolated from the bacterial soluble 

fraction (Figure 6.11). The tagged protein was then bound to Ni-NTA resin, 

which was washed in lysis buffer before extracts from uninfected or infected 

cells were passed over to trap HI L-binding proteins (Figure 6.9b). While this 

protocol enables larger amounts of both HIL-C1 IDS and cell extract to be used, 

the level of background binding to Ni-NTA is sufficient to prevent successful 

identification of weak, HI L-specific bands (Figure 6.12).

Sodium orthovanadate is routinely added to lysis buffers to inhibit endogenous 

phosphatases and prevent dephosphorylation of proteins during the preparation 

of mammalian cell extracts. However, since vanadate is a potent inhibitor of 

HI L, and is thought to act by occluding the active site of sensitive 

phosphatases, its presence in substrate-trapping pull-down experiments might 

block the binding of potential substrates (Lindqvist et al., 1994). For this 

reason, vanadate was omitted from the cell lysis buffer unless otherwise 

indicated. Instead, cells were pre-treated with 1 mM vanadate for 15 min before 

lysis to increase levels of protein phosphorylation. This approach allowed the 

identification of a single HlL-binding protein in vaccinia-infected cells (Figure

6.12). The protein was identified by mass spectrometry as F17R, a viral DNA- 

binding protein which is known to be hyperphosphorylated in virus-particles 

lacking HI L and is a proposed HI L substrate (Liu et al., 1995). The substrate- 

trapping technique therefore successfully identified a physiologically relevant 

binding partner. However, since HIL-mediated centrosome disruption occurs in 

uninfected cells, F17R cannot be a relevant target of HI L in terms of this 

particular phenotype, and is more likely to be involved in the regulation of viral 

gene expression (Liu et al., 1995).

To allow the purification of less abundant host proteins, levels of non-specific 

binding were reduced by using a different resin. Bacterially expressed His-HI L- 

C110S was purified on Ni-NTA resin and then eluted using imidazole before 

being covalently coupled to cyanogen bromide sepharose (CnBr) resin. As a 

control, bovine serum albumin (BSA) was also coupled to CnBr resin. Extracts
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sol frac Ni-bound
[lmldazole]/mM 

100 150 200

MW/KDa 

45 —
MW/KDa 
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31 - 31 -

21.5 -

His
H1L-
C110S
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Figure 6.11 Purification of H is -H IL -C IIO S  expressed in E. coli 

using Ni-NTA resin, a Coomassie-stained SDS-PAGE gel showing 

soluble fraction (sol frac) from bacteria expressing H is-HI L-C 1 lOS, and 

proteins bound following its incubation with N i-NTA resin (Ni-bound). 

b Coomassie-stained SDS-PAGE gel showing protein eluted from 

His-HI L-C 11 OS-bound Ni-NTA resin (a), using increasing concentrations 

o f imidazole.
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Figure 6.12 His-HIL-CIIOS Ni-resin retains F17R from vaccinia- 

infected HeLa cell extracts. Coomassie stained SDS-PAGE gel showing 

proteins isolated from vaccinia HeLa cell extracts using a His-H 1 L-C 1 lOS/Ni 

affinity resin. Lane 1 shows His-H 1 L -C l 1 OS affinity resin alone, lane 2 shows 

proteins from infected HeLa cell extract which bind Ni-resin independently of 

H is-HI L-C 1 IDS, and lane 3 shows proteins from infected HeLa cell extract 

which bind His-H 1 L-C 1 lOS-Ni resin. The large 14 kDa band in lane 3 (*) was 

excised and subjected to mass-spectrometry, which identified it as the viral 

phosphoprotein F17R. Bands were excised, subjected to in-gel tryptic digestion, 

and analysed by TOF-TOF mass spectrometry by members o f the Protein 

Analysis Laboratory at CRUK.
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from infected or uninfected cells were then passed over the resins to isolate 

specific binding partners of His-H1 L-C110S. Bound protein was eluted in either 

100 mM glycine or 100 mM sodium orthovanadate (on the basis that vanadate 

may bind to the active site and release bound substrate proteins) (Figure 6.9c). 

Additionally, cell extracts were prepared in the presence or absence of 

vanadate, to test whether its presence does in fact inhibit binding to His-HI L- 

C110S.

For example, cells were lysed in buffer with or without vanadate, and the 

extracts passed over CnBr-His-H 1 L-C1 1 0S resin or CnBr-BSA resin (Figure

6.13). Resins were washed and bound proteins eluted in glycine. Little protein 

is retained on the BSA resin, whereas CnBr-His-HI L-C1108 resin binds 

strongly to several proteins. Interestingly, the most abundant of these proteins 

were only retained from extracts lacking vanadate, suggesting that they are 

phosphoproteins whose binding depends on the catalytic site of HI L. Bands 

were excised, analysed by mass spectrometry, and identified as NAP1L4, SET 

and CIqBP.

The above experiment was repeated using larger quantities of both extract and 

resin. Extracts were prepared from both uninfected and vaccinia-infected cells 

in the absence of vanadate, and passed over either of the two resins, which 

were then washed before bound proteins were eluted using glycine (Figure

6.14). 16 HI L-specific bands were excised and subjected to mass 

spectrometry for identification (Table 6.1).

Six proteins were identified which were eluted from CnBr-His-HI L-C110S resin 

treated with uninfected cell extracts (Hsp70, nuclease sensitive element binding 

protein 1, (3-tubulin, casein, ribosomal protein L7 and cytosolic phosphoprotein). 

Three viral proteins were found to be potential binding partners (A10L, D13L 

and A11R), and two host proteins were identified which only associated with 

HI L-C110S in extracts from infected cells (heterogeneous nuclear 

ribonucleoprotein 0, Ha-Ras). Only one protein was identified as binding to 

H1L-C110S in both infected and uninfected cell-extracts (ribosomal protein L6 ).
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Figure 6.13 NAP1L4, SET and CIqBP are retained on His-HIL-CIIOS 

CnBr affinity resin in the absence of sodium orthovanadate. Coomassie 

stained SDS-PAGE gel showing proteins from uninfected HeLa cell extracts which 

are retained on CnBr affinity resins and eluted in 100 mM glycine pH 2.5. Lanes 1- 

2 show proteins retained on and eluted from BSA-CnBr resin, from extracts containing 

(2) or not containing (1)5 mM sodium ortho vanadate. Lanes 3-4 are identical except 

H is -H IL -C l lOS CnBr resin was used. Highlighted bands (*) were excised, subjected 

to in-gel tryptic digestion, and analysed by TOF-TOF mass spectrometry by members 

o f the Protein Analysis Laboratory at CRUK.
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Figure 6.14 Multiple proteins are retained on H is -H IL -C IIO S  CnBr resin 

from both uninfected and vaccinia infected cells. Coomassie stained SDS- 

PAGE gel showing proteins from infected uninfected HeLa cell extracts which 

are retained on CnBr affinity resins and eluted in 100 mM glycine pH 2.5. Lanes 1 

and 3 show proteins retained on and eluted from BSA-CnBr resin, from uninfected 

(1) and infected (3). Lanes 2 and 4 are identical except H is-H I L-C 1 lOS CnBr resin 

was used. Highlighted bands (*) were excised, subjected to in-gel tryptic digestion, 

and analysed by TOF-TOF mass spectrometry by members of the Protein 

Analysis Laboratory at CRUK.
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Protein MW/
KDa

Accession unInf
Inf

both

human
vaccinia

other

Figure

Putative DNA binding 
protein ’

11 9790972 1 V 6.12

Nucleosome assembly 
protein 1 -like 4

43 5174613 U H 6.13

SET protein 32 1711383 U H 6.13
Complement 
component 1 ,q 
subcomponent binding 
protein precursor

31 4502491 U H 6.13

Heat shock 70kDa 
protein 8 isoform 1

71 5729877 U H 6.14

Nuclease sensitive 
element binding 
protein 1

35 423015 U H 6.14

Beta tubulin 50 18088719 U H 6.14
Ribosomal protein L6 33 16753227 B H 6.14
Casein alpha-31 ^ 25 30794348 U 0 6.14
Ribosomal protein L7 29 15431301 U H 6.14
Dual specificity protein 
phosphatase ^

20 138374 B V 6.14

Cytosolic
phosphoprotein

60 1946203 U H 6.14

Major core protein P4a 
precursor

102 139241 1 V 6.14

EVM102® 62 22164707 1 0 6.14
EVM114* 36 22164719 1 0 6.14
Heterogeneous
nuclear
ribonucleoprotein C

33 14110428 1 H 6.14

v-Ha-ras Harvey rat 
sarcoma viral 
oncogene homologue

21 4885425 1 H 6.14

Notes: 1 Corresponds to vaccinia F I 7R.
2 Likely to be a contaminant
3 Likely to be derived from H is -H I L -C  1 lOS resin
4 Corresponds to vaccinia A lO L
5 Ectromelia viral protein, likely to correspond to vaccinia D 13L
6  Ectromelia viral protein, likely to correspond to vaccinia A 1 I R

Table 6.1 Proteins identified using His-HIL-CIIOS affinity resins.

Table shows protein name and accession, predicted molecular weight, source 

(derived from uninfected or infected cells, or both), species, and reference to 

figure.
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H1 L itself was detected in eluates from both uninfected and infected extracts, 

and was probably derived from the resin. None of the three previously identified 

proteins was detected in this experiment.

Many of the targets identified are highly abundant host proteins, and although it 

is impossible to exclude them as relevant targets, they are likely to be non

specific contaminants (Hsp70, ribosomal proteins L7 and L6 , heterogeneous 

nuclear ribonucleoprotein C). Casein is almost certainly an environmental 

contaminant acquired at some point during the experimental process. The 

presence of viral components A10L, D13L and A11R could be an indication of 

contamination with incompletely extracted virus particles, or could alternatively 

signify functional interactions between H1L and these viral proteins. However, 

since HIL-mediated centrosome disruption occurs in the absence of infection, 

none of these candidates is likely to be required to generate the phenotype.

Taking into consideration proteins identified in both experiments (Figures 6.13- 

14), five host proteins were initially taken fonA/ard for further analysis, based on 

their known involvement in regulation of the cytoskeleton or cell cycle. These 

were SET, NAP1L4, p-tubulin, cytosolic phosphoprotein and Ha-Ras. SET and 

NAP1L4 are members of the nucleosome assembly protein family, involved in 

regulating the shuttling of nucleosome components, such as histones, from their 

cytoplasmic sites of synthesis to the nucleus (Rodriguez et al., 1997b). SET 

has also been shown to act as a potent inhibitor of PP2A, and is therefore 

known to associate with protein phosphatases (Li et al., 1996). Moreover, SET 

has been shown to have numerous interactions with cyclins and cyclin

dependent kinases that are known to play important roles in generating the 

onset of mitosis (Canela et al., 2003; Estanyol et al., 1999; Qu et al., 2002). 

Since the centrosome is a vital component of this transition, SET is a highly 

attractive candidate target for HI L. SET was therefore chosen to test-run a set 

of experiments designed to verify the role of HI L-target candidates in the 

centrosome disruption phenotype.
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6.6 Target verification: SET

The SET open reading frame was amplified from a HeLa cell cDNA library and 

inserted into both pE/L-NGFP and CB6 -NGFP expression vectors. In both 

infected and uninfected cells, GFP-SET localises predominantly to the nucleus, 

and fails to accumulate at the centrosome, or at the viral factories where HI L is 

concentrated (Figure 6.15).

If SET is indeed a component of the signalling pathway whose activity is 

modulated by H1L, overexpression of SET might be expected to block 

centrosome destruction induced by vaccinia infection or HI L overexpression. 

Alternatively, overexpression of SET alone may be sufficient to induce a 

centrosome disruption phenotype independently of HI L. To test whether either 

possibility is the case, GFP-SET was transiently expressed in uninfected HeLa 

cells. Some were cotransfected with GFP-H1L, while others were cotransfected 

with GFP. Cells were then fixed and processed for immunofluorescence 

microscopy and centrosome quantification. Cotransfection was verified by 

labelling with aH1 L. SET overexpression alone had no effect on centrosome 

stability, and failed to block centrosome disruption induced by H1L 

overexpression (Figure 6.16).

To confirm that SET and HIL interact in vivo, His-HIL-CIIOS and/or GFP-SET 

were coexpressed in uninfected cells. Cell extracts were prepared and His-HIL- 

CIIOS was isolated using Ni-NTA affinity resin. Bound proteins were analysed 

by SDS-PAGE and western blot with aGFP antibody to detect GFP-SET (Figure 

6.17). GFP-SET fails to copurify with His-HI L-C110S, suggesting that the two 

proteins do not associate significantly in vivo. Taken together, these results 

suggest that SET is not a target of HI L in vivo and plays no role in the 

centrosome disruption phenotype.

6.7 A candidate regulator of centrosome stability: AuroraA kinase

In parallel with open-ended experiments using substrate trapping to identify H1L 

targets, a candidate approach was employed to test the role of known
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GFP DARI overlay

GFP-SET H1L DAP! overlay

Figure 6.15 GFP-SET localises to the nucleus in uninfected and infected 

HeLa cells, a Transiently expressed GFP-SET (green) localises to the nucleus (blue, 

DAPI) in uninfected HeLa cells. In contrast, GFP localises to both the nucleus and the 

cytoplasm. Images are representative of more than 200 cells in each o f at least 3 

independent experiments. Cells were transfected for 48 h. b Immunofluorescence 

analysis o f vaccinia-infected HeLa cells transiently expressing GFP-SET. GFP-SET 

(green) is strongly concentrated in the nucleus (blue), and fails to specifically 

colocalise with H IL  (red) on viral factories (blue, DAPI). Scale bar 10//m. Images 

are representative o f more than 200 cells in each o f at least 3 independent experiments. 

Cells were infected for 6h, transfected for 2 h, and fixed at 8 hpi.
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following transient expression of indicated proteins
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Figure 6.16 GFP-SET fails to block GFP-HIL-mediated centrosome 

disruption. Graph showing % of cells with intact centrosomes following 

transient overexpression of GFP, GFP-SET, GFP-FIIL, and combinations of 

these. GFP-SET overexpression does not disrupt the centrosome. Coexpression 

of GFP-SET with GFP-HIL reduces levels o f centrosome disruption. However, 

this effect o f GFP-SET is also observed with GFP alone, suggesting that it is not a 

specific property of SET. Error bars represent standard deviation from the mean 

of three independent experiments.
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Figure 6.17 GFP-SET fails to bind His-HIL-CIIOS in vivo in uninfected 

cells. Western blot showing extracts from HeLa ceils transfected with GFP- 

SET (lane 1), His-H 1 L-C 11ÜS (lane 2) and both (lane 3), and N i-NTA pull down 

assays from each sample (lanes 4-6). GFP-SET does not bind His-H 1 L -C l 1 OS.
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centrosomal regulators in the centrosome disruption phenotype. AuroraA kinase 

was identified as a strong candidate, based on the following:

a) Protein phosphatases are often direct regulators of protein 

kinases (Theodosiou and Ashworth, 2002).

b) Many aspects of centrosome activity are known to be controlled 

by centrosomal kinases (Hinchcliffe and Sluder, 2001).

c) AuroraA kinase localises to the centrosome (Kimura et al., 1997).

d) siRNA-mediated loss of AuroraA kinase results in a phenotype 

that resembles centrosome disruption (Hannak et al., 2001).

To test its role in HI L-mediated centrosome disruption, similar tests that were 

applied to SET were applied to AuroraA. An antibody that specifically 

recognises AuroraA in HeLa cells by immunofluorescence microscopy was 

used to assess AuroraA levels and localisation. In uninfected, untransfected 

cells, AuroraA levels and localisation are highly dependent on the cell cycle. 

AuroraA levels peak at the onset of mitosis, and are reduced rapidly following 

mitosis, only to steadily increase again during G1, S and G2 (Figure 6.18). As 

levels of AuroraA increase, the kinase accumulates at the centrosome, and 

during mitosis, spreads along the mitotic spindle (Figure 6.18). At the onset of 

G1, AuroraA localises to cytoplasmic aggregate structures (Figure 6.18).

Cells overexpressing GFP-HIL were compared with cells overexpressing GFP 

for changes in the localisation and level of AuroraA. In each case, the number 

of cells with strong, centrosomal AuroraA labelling was counted (corresponding 

to cells in G2 ). As shown in Figure 6.19, expression of GFP-HIL causes a 

significant decrease in the number of cells with pre-mitotic, high levels of 

AuroraA. Interestingly, in cells overexpressing GFP-H1L at high levels 

sufficient to cause aggregation of the protein around the centrosome, AuroraA 

was detected within the aggregates in many cells (Figure 6.20).

The changes in AuroraA localisation observed upon GFP-HIL overexpression 

may reflect a direct effect of HI L on AuroraA, or may alternatively be an indirect
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ow AuroraA high AuroraA

mitosis

Figure 6.18 AuroraA levels and localisation change through the cell 
cycle. Immunofluorescence analysis o f uninfected HeLa cells labelled with 

a  AuroraA antibody. AuroraA (red) localisation is heavily dependent on the cell 

cycle, accumulating from G 1 though to the onset o f mitosis at the centrosome, 

and then spreading out along the mitotic spindle. In some cells, the aAuroraA 

antibody detects large cytoplasmic aggregates. Scale bar 10 pim. Blue represents 

DNA (DAPI). Images are representative o f more than 200 cells in each o f at least 

3 independent experiments.
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Graph showing % of AuroraA +ve cells
following overexpression of GFP or GFP-H1L
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Figure 6.19 Overexpression of GFP-HIL reduces the number of 

cells with premitotic, high levels of AuroraA. Graph showing % of GFP +ve

HeLa cells with detectable AuroraA staining following transfection with GFP or 

GFP-HIL. GFP-HIL cells are significantly less likely to express high levels of 

AuroraA. Error bars represent standard deviation from the mean of three independent 

experiments.
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aAuroraA DAP overia

Figure 6.20 Overexpression of GFP-H1L causes AuroraA to accumulate 

in perinuclear H1L aggregates. Immunofluorescence analysis o f HeLa cells 

overexpressing GFP or GFP-HIL (green) and labelled for endogenous AuroraA kinase 

(red). In cells overexpressing GFP-HIL at high levels, but not in those expressing GFP, 

perinuclear aggregates form which contain both G FP-H IL and endogenous AuroraA. 

Scale bar 10 ^m . Blue represents DNA (DAPI). Images are representative o f more 

than 200 cells in each of at least 3 independent experiments. Cells were transfected 

for 48 h.
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result of the impact of H1L on cell cycle progression. In support of the latter, 

FACS analysis of GFP-H1 L transfected cells reveals that H1L increases the 

proportion of cells with 4n nucleii (Ploubidou, 2000). However, the basis of H1L- 

induced arrest is unclear.

Since HI L and endogenous AuroraA colocalise when H1L is expressed 

transiently in uninfected cells, pull-down experiments were performed to test 

whether AuroraA can associate with H1 L. GST-tagged H1L-C110S was 

expressed in E. co//and purified from the bacterial soluble fraction on 

glutathione-sepharose. To generate cell extracts with high levels of endogenous 

AuroraA, HeLa cells were arrested at metaphase by thymidine-nocodazole 

block, and mitotic cells were harvested and immediately lysed in the presence 

or absence of sodium orthovanadate. Extracts were passed over GST or GST- 

H1 L-C 11 OS resins, which were washed before bound proteins were analysed 

by SDS-PAGE and western blotting with aAuroraA antibody. AuroraA is 

retained on GST-H1L-C110S resin but not on GST resin, and this retention is 

not affected by the presence of vanadate (Figure 6.21).

If interactions between HIL and AuroraA were directly responsible for the 

centrosome disruption phenotype, AuroraA localisation would be expected to be 

similarly changed in infected cells with disrupted centrosomes. Vaccinia- 

infected HeLa cells were fixed and labelled with aAuroraA and aH1 L antibodies. 

Immunofluorescence microscopy revealed that in infected cells, H IL  and 

AuroraA fail to colocalise, as AuroraA remains at the centrosome and HI L is 

concentrated at the viral factories (Figure 6.22a). Moreover, quantification of 

AuroraA localisations revealed that vaccinia infection tends to increase 

numbers of cells with pre-mitotic AuroraA localisations and decrease numbers 

of cells with post-mitotic localisations (Figure 6.22b). This pattern is the reverse 

of that observed in cells overexpressing HI L, and is consistent with a block in 

the cell cycle prior to entry into mitosis, at which point AuroraA is abundant and 

strongly accumulated at the centrosome. Centrosome disruption therefore 

occurs in infected cells despite high levels of AuroraA at the centrosome.
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Figure 6.21 Endogenous AuroraA kinase can be isolated from  

metaphase arrested HeLa cell extracts using GST-H1L-C110S resin.

Western blot showing endogenous AuroraA from nocodazoie-arrested HeLa cells 

bound to G ST-HIL-C l lOS-bound glutathione-sepharose resin, but not to a 

corresponding GST resin. Extracts were prepared in the absence (left) or presence 

(right) of 5 mM sodium ortho vanadate.
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Figure 6.22 AuroraA kinase accumulates at the centrosome in infected 

cells, a Immunofluorescence analysis o f WR vaccinia-infected ceils labelled with 

antibodies against endogenous AuroraA and H IL . AuroraA (red) remains localised to 

the centrosome and does not colocalise with H IL  (green) which is restricted to the 

viral factories (blue). Scale bar 10 /^m. Images are representative o f more than 200 

cells in each o f at least 3 independent experiments. Cells were fixed at 16 hpi. 

b Graph showing quantitation of AuroraA expression in infected and uninfected 

HeLa cells. There is a significant increase in the number o f cells with pre-mitotic, 

high levels o f AuroraA following infection for 16 h with WR virus. Error bars 

represent standard deviation from the mean of 3 independent experiments in which 

greater than 100 cells were counted for each condition.
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If AuroraA accumulates normally at the centrosome during vaccinia infection, 

why then is there an apparent block in the formation of the mitotic spindle? At 

the onset of mitosis, the kinase becomes activated through phosphorylation of 

its activation loop (Walter et al., 2000). This is thought to occur in response to 

an interaction with TPX2, which promotes AuroraA autophosphorylation 

(Bayliss et al., 2003). AuroraA activation is required for spindle assembly (Tsai 

et al., 2003). To test whether cell-cycle arrest or delay in vaccinia-infected cells 

occurs before or after AuroraA activation, infected cells were labelled with an 

antibody specific for the phosphorylated activation loop of AuroraA (aT288P).

In uninfected cells, aT288P strongly labels spindle poles in mitotic cells (Figure

6.23). In vaccinia-infected cells, aT288P fails to strongly label centrosomes, 

suggesting that AuroraA does not become activated (Figure 6.23).

Furthermore, the antibody cross-reacted strongly with virus particles, and so 

any centrosomal labelling could not have been accurately distinguished from 

accumulation of viral antigen at the centrosome (Figure 6.23).

To test whether AuroraA overexpression can reverse or inhibit vaccinia-induced 

centrosome disruption, the AuroraA open reading frame was amplified by PCR 

from a human HeLa cell cDNA library and tagged with GFP at the amino- 

terminus. GFP-AuroraA was expressed under the pE/L promoter in vaccinia- 

infected cells, which were then fixed and processed for centrosome 

quantification. As shown in Figure 6.24, overexpression of GFP-AuroraA fails 

to prevent vaccinia-induced centrosome disruption. Overexpressed AuroraA 

tends to aggregate around the centrosome in a similar manner to H1 L (Figure

6.24).

The effect of AuroraA overexpression in uninfected cells was also tested. Cells 

were transiently transfected with GFP-AuroraA, His-H1L-C110S, or both 

constructs, and processed for centrosome quantification. Surprisingly, 

overexpression of AuroraA alone is sufficient to generate a centrosome 

disruption phenotype (Figure 6.25). As was seen in vaccinia-infected cells, 

AuroraA tends to aggregate around the centrosome when overexpressed 

(Figure 6.25).
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aAuroraA-T288P aAuroraA DAPI overlay

Figure 6.23 Accumulation of AuroraA positive cells during infection 

occurs without significant increases in AuroraA phosphorylation.

Immunofluorescence analysis o f uninfected and vaccinia-infected HeLa cells 

reveals that significant AuroraA phosphorylation at T288 (red) is detected only in 

mitotic cells, and not in infected cells in which AuroraA levels are high (green). 

Note that aAuroraA-T288P crossreacts with a subset o f virus particles in infected 

cells, and so it is not possible to confirm that any centrosomal signal is o f host 

origin. Scale bar 10 jAm. Images are representative o f more than 200 cells in each 

o f at least 3 independent experiments. Cells were fixed at 16 hpi.
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Figure 6.24 AuroraA kinase fails to block centrosome destruction in 

vaccinia-infected cells when overexpressed. Immunofluorescence analysis 

of vaccinia-infected HeLa cells transfected with GFP-AuroraA under a strong viral 

promoter. Neither GFP-AuroraA, nor the noncentrosomal control, G FP-N ckl, 

is able to block vaccinia-mediated centrosome disruption. Scale bai* 10 ;<m. Images 

are representative of more than 200 cells in each o f at least 3 independent 

experiments. Cells were infected for 2 h, transfected for 6 h, and fixed at 8 hpi.
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Figure 6.25 Overexpression of GFP-AuroraA alone In HeLa cells 

generates a centrosome d isruption phenotype. Immunofluorescence 

analysis o f uninfected HeLa cells transfected w ith  GFP and GFP-AuroraA 

(green). Overexpression o f GFP-AuroraA causes the tagged protein to form 

aggregates, and results in centrosome disruption (assessed by y-tubulin 

labelling, red). Inserts are enlarged 2.5x. Scale bar 10 jAm. B lue represents 

DNA (DAPI). Images are representative o f more than 200 cells in each o f at least 3 

independent experiments. Cells were transfected for 48 h.
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These observations raise the possibility that it is protein aggregation that 

induces the centrosome disruption response. To test this possibility, another 

protein was chosen that has a strong tendency to aggregate. GFP-tagged 

Arp7A was expressed transiently in HeLa cells, which were then fixed and 

processed for centrosome quantification. Overexpression of GFP-Arp7A had 

no discernable effect on centrosome stability despite the fact the GFP-Arp7A 

readily forms aggregates (Figure 6.26). This suggests that protein aggregation 

does not always lead to centrosome disruption. Additionally, although H1L 

does have a tendency to aggregate when overexpressed at high levels, 

centrosome disruption also occurs in cells in which H1L has not formed obvious 

aggregates (Figure 6 .6 ). Protein aggregation is therefore not required for 

centrosome disruption.

6 . 8  Summary

Vaccinia-induced centrosome disruption depends on the viral dual-specificity 

phosphatase, H1L. The presence of MIL, either through delivery as protein 

encapsidated within vaccinia virus particles, through late viral gene expression, 

or through ectopic expression, is sufficient to disrupt the centrosome. The 

ability of H1L to induce this phenotype does not depend on its catalytic activity, 

and the human phosphatase with highest similarity to H1L, VHR, has no effect 

on centrosome stability. Attempts to identify H1 L-binding partners that are 

relevant to its centrosome disrupting activity have so far been inconclusive.

Analysis of the known centrosomal regulator, AuroraA kinase has highlighted 

several differences between centrosome disruption in infected cells and in 

uninfected cells. These may reflect differences in mechanism, or differences in 

context, and they underline the fact that changes in centrosome stability occur 

against the background of the cell cycle. Three results point to a role for 

AuroraA in the process of H1L-mediated centrosome disruption:
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Figure 6.26 Overexpression of a protein w ith a strong tendency 

to aggregate has no discernable effect on the centrosome.

Immunofluorescence analysis o f uninfected HeLa cells transfected w ith 

GFP-Arp7A (green). Overexpression o f GFP-Arp7A causes the tagged protein 

to form  large aggregates which resemble v ira l factories. However, this has no 

discernable effect on the centrosome (y-tubulin , red). Insert enlarged 2.5x. 

Scale bar 10 ^m . Blue represents D N A (D AP I). Images are representative of 

more than 200 cells in each o f at least 3 independent experiments. Cells were 

transfected for 48 h.
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1 ) H1L and AuroraA colocalise in pericentrosomal HI L aggregates 

following H1L overexpression.

2) AuroraA overexpression disrupts the centrosome independently of 

MIL.

3) Endogenous AuroraA is retained on HI L-C110S resin from 

metaphase arrested cells.

However, so far, the complex interplay between H1L, the cell cycle and AuroraA 

kinase remains enigmatic.
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Chapter 7
A role for F10L kinase in viral morphogenesis

7.1 Background

During the course of investigations into the nature of vaccinia-induced 

centrosome disruption (Chapter 6 ), a detailed characterisation of the F10L 

temperature sensitive mutant strain, ts28, was carried out. The initial aim of 

these experiments was to identify defects in the viral life cycle that might 

contribute to the inability of ts28 virus to disrupt the centrosome at the 

nonpermissive temperature. Published descriptions of this virus are limited to 

electron microscopy-based observations and biochemical analysis (Derrien et 

al., 1999; Szajner et al., 2004a; Szajner et al., 2004b; Traktman et al., 1995; 

Wang and Shuman, 1995). These reveal that in the absence of F10L activity, 

the precursors of viral membranes (the so called membrane crescents) are 

rarely formed, and those that do fail to associate with and enwrap the viroplasm 

to generate immature virions (Traktman et al., 1995; Wang and Shuman, 1995).

My studies however revealed that ts28 can in fact disrupt the centrosome. 

However, disruption is significantly delayed and its onset coincides with that of 

HI L expression (Figure 6 .8 ). Whether HI L expression occurs as a result of 

leaky F10L activity or is delayed due to an indirect effect of the absence of F10L 

is not clear. However, several significant defects in the viral life cycle have 

been observed which are not obviously alleviated by the onset of HI L 

expression and so are likely to be caused directly by lack of F10L kinase 

activity. The aim of this chapter is to describe these defects, and in doing so, 

clarify the function of F10L in the viral life cycle.
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7.2 Immunofluorescence analysis of viral markers in ts28 infected cells

HeLa cells were infected with ts28 vaccinia virus at the non-permissive 

temperature of 40°C, or the permissive temperature of 32°C for 14 hours before 

fixation. Cells were then labelled with a panel of antibodies against viral 

proteins, some of which are thought to be phosphorylated during virus infection.

To confirm previous observations that virus particles are not formed in the 

absence of F10L, cells were labelled with DAPI to stain viral and host DNA, and 

an antibody against A27L, a viral protein that associates with mature virus 

particles. DAPI labelling detects large areas of viral DNA-replication in cells 

infected with ts28 at either temperature (Figure 7.1). However, at the 

nonpermissive temperature, these factory regions are notably denser and less 

fluffy in appearance than those formed at the permissive temperature (Figure 

7.1). By recording images with a long exposure time, it is possible to see DAPI- 

positive virus particles spread throughout the cytoplasm in cells infected at the 

permissive temperature, whereas no particles are visible in cells infected at the 

nonpermissive temperature (Figure 7.1). Finally, A27L adopts a diffuse 

localisation at the non-permissive temperature, but is recruited to virus particles 

at the permissive temperature (Figure 7.1). Virus particle formation is therefore 

dependent on F10L.

Previous work in the laboratory identified several broad specificity

aphosphotyrosine antibodies that strongly label the viral factory region.

However, the protein or proteins responsible for this labelling are unknown. In

cells infected with ts28 virus at the permissive temperature, factories are

labelled by polyclonal aphosphotyrosine antibody in an identical manner to

factories in cells infected by wild-type virus (Figure 7.2). At the nonpermissive

temperature, phosphospecific factory labelling is however absent (Figure 7.2).

This suggests that either F10L is required to stimulate tyrosine phosphorylation

of a factory-localised protein or proteins, or that F10L itself is tyrosine

phosphorylated and is responsible for the phosphotyrosine signal. F10L is

known to target viral factories, and autophosphorylates in vitro (Derrien et al.,

1999; Szajner et al., 2004b). There is also strong evidence that the viral
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Figure 7.1 ts28 virus fails to generate virus particles at the 

nonpermissive temperature. Immunofluorescence analysis o f ts28 vaccinia 

virus-infected HeLa cells, at the non-permissive (40°C) and permissive (32°C) 

temperatures, 14 hpi. In the absence of FIOL kinase, viral factories (labelled with 

DAPI) are dense and less granular in appearance. Lower DAPI panels are magnified 

2.5x and brightened to highlight virus particles formed at the permissive temperature 

but not the nonpermissive temperature. A27L fails to accumulate on emerging virus 

particles. Scale bar 10 //m. Images are representative o f more than 200 cells in each 

o f at least 3 independent experiments.
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Figure 7.2 ts28 virus fails to generate a factory-localised 

phosphotyrosine signal at the nonpermissive temperature.

Immunofluorescence analysis o f ts28 vaccinia virus-infected HeLa cells, at the 

non-permissive (40°C) and permissive (32°C) temperatures, 14 hpi. In the absence 

of FIOL kinase, viral factories (labelled with DAPI, blue) are not labelled by a 

broad-specificity aphosphotyrosine antibody (apY, red). Scale bar 10 ;/m . Images 

are representative o f more than 200 cells in each o f at least 3 independent 

experiments.
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membrane proteins A17L and A14L are factory-localised F10L substrates 

(Derrien et al., 1999). All three proteins are therefore good candidates for the 

source of this signal.

In light of this, the localisations of both A17L and its binding partner A14L were 

determined in ts28 vaccinia-infected cells (Betakova et al., 1999; Rodriguez et 

al., 1993). At the permissive temperature, both A14L and A17L concentrate on 

viral factories (Figure 7.3-4). However, at the nonpermissive temperature, A17L 

is clearly mislocalised, and accumulates in granular structures close to but not 

associated with the factory region (Figure 7.3). In contrast, A14L remains in 

association with the viral factories, although it adopts a more tightly focussed 

distribution at the nonpermissive temperature, forming a rosette-like pattern 

(Figure 7.4). A similar rosette pattern is seen in cells labelled with an antibody 

against HI L (Figure 7.5).

Since both FIOL and HI L are proposed to regulate the phosphorylation of 

A17L, the localisation of a suggested HI L substrate was also determined in 

ts28 vaccinia-infected cells. F17R is a viral DNA-binding phosphoprotein with 

histone-like properties (Kao and Bauer, 1987; Zhang and Moss, 1991). F17R 

was shown to be hyperphosphorylated in HIL-deficient virus particles, and 

associates with a substrate-trapping mutant of H1L (Liu et al., 1995) (Figure 

6.12). At the permissive temperature, F17R is recruited to viral factories (Figure 

7.6). However, at the nonpermissive temperature, F17R localisation, like that of 

A27L, is diffuse (Figure 7.6).

To test whether there is a general defect in the localisation of viral 

phosphoproteins to the factory region, the distribution of H5R protein was 

assessed in ts28 vaccinia-infected cells. H5R is a viral transcription factor 

which is phosphorylated on threonine residues and associates with early viral 

membranes (Beaud and Beaud, 1997; Brown et al., 2000; Kovacs and Moss, 

1996). H5R was initially proposed to be an FIOL substrate, before its 

phosphorylation was shown to depend on the early viral kinase, B1R (Beaud et
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Figure 7.3 A17L is dramatically mislocalised in infections with ts28 

vaccinia virus at the nonpermissive temperature, a Immunofluorescence 

analysis o f ts28 vaccinia virus-infected HeLa cells, at the non-permissive (40°C) 

and permissive (32°C) temperatures, 14 hpi. In the absence of FIOL kinase, A17L 

(red) fails to be recruited to viral factories (DAPI, blue) and instead accumulates 

in granular structures within the factory region. Scale bar 10 //m. Images are 

representative of more than 200 cells in each o f at least 3 independent experiments.

208



ts28-40°C ts28-32°C

Figure 7.4 A14L localises to viral factories in the absence of F10L 

activity. Immunofluorescence analysis o f ts28 vaccinia virus-infected HeLa cells, 

at the non-permissive (40“C) and permissive (32°C) temperatures, 14 hpi. In the 

absence of FIOL kinase, A14L (red) is recruited to viral factories (DAPI, blue), 

but is restricted to a rosette-like distribution (see inserts, magnified 2.5x). Scale 

bar 10 ;/m. Images are representative o f more than 200 cells in each o f at least 

3 independent experiments.
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Figure 7.5 H1L localises to viral factories in the absence of F10L 

activity. Immunofluorescence analysis o f ts28 vaccinia virus-infected HeLa cells, 

at the non-permissive (40°C) and permissive (32°C) temperatures, 14 hpi. In the 

absence of FIOL kinase, H IL  (red) is recruited to viral factories (DAPI, blue), 

but is restricted to a rosette-like distribution (see inserts, magnified 2.5x). Scale 

bar 10 //m. Images are representative o f more than 200 cells in each o f at least 

3 independent experiments.
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Figure 7.6 F17R is not recruited to viral factories in infections with ts28 

vaccinia virus at the nonpermissive temperature, a Immunofluorescence 

analysis of ts28 vaccinia virus-infected HeLa cells, at the non-permissive (40°C) 

and permissive (32°C) temperatures, 14 hpi. In the absence o f FIOL kinase, F17R 

(red) fails to be recruited to viral factories (DAPI, blue) and instead adopts a 

diffuse localisation. Arrowheads highlight viral factories. Scale bar 10 pim.

Images are representative o f more than 200 cells in each o f at least 3 independent 

experiments.
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al., 1995; Traktman et al., 1995). H5R localisation is unaffected by the absence 

of FIOL in cells infected at the nonpermissive temperature (Figure 7.7).

Taken together, these observations suggest that FIOL kinase is required for the 

correct targeting of A17L, FI 7R, and A27L to viral factories. The 

mislocalisation of these proteins in the absence of FIOL may explain why viral 

particles are not formed. Equally, the mislocalisation could be a result of an 

earlier defect, and could thus be caused by the absence of particle formation. 

Although it is difficult to distinguish between these scenarios experimentally, 

some insight can be gained by monitoring the rescue of protein recruitment and 

particle formation over time following a shift from the nonpermissive to the 

permissive temperature.

Cells were infected with ts28 vaccinia at the nonpermissive temperature for 1 2  

hours, and then transferred to the permissive temperature. Cells were then 

fixed at different time-points following transfer. As shown in Figure 7.8, both 

F17R and A17L respond rapidly to the change in temperature, relocalising to 

the viral factories within 1 hour. Within this period, factories also acquire 

phosphotyrosine labelling (Figure 7.8). In contrast, A27L relocalisation is less 

rapid, and the first A27L-positive virus particles begin to emerge in the second 

hour of infection (Figure 7.8). This difference is likely to reflect the fact that 

A27L is recruited late to maturing virus particles, whereas A17L and F17R are 

involved in the earlier morphogenetic steps which lead to formation of immature 

virus particles from precursor membranes and viroplasm (Krijnse-Locker et al., 

1996; Rodriguez et al., 1995; Rodriguez et al., 1997a; Sodeik et al., 1995; 

Wolffe et al., 1996). Mislocalisation of A27L is therefore likely to be an indirect 

result of the absence of virus particle formation in infections lacking FIOL.

7.3 F10L kinase activity is required to rescue ts28 defects

The observed defects in viral morphogenesis in ts28 vaccinia infections at the 

nonpermissive temperature are likely to be caused by the malfunction of FIOL 

substrates that require phosphorylation by FIOL to carry out their proper
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Figure 7.7 H5R Is recruited normally to viral factories in infections 

with ts28 vaccinia virus at the nonpermissive temperature.

Immunofluorescence analysis o f ts28 vaccinia virus-infected HeLa cells, at the 

non-permissive (40°C) and permissive (32°C) temperatures, 14 hpi. H5R (red) 

is recruited to viral factories (DAPI, blue) independently o f FIOL. Scale bar 10 

Images are representative o f more than 200 cells in each o f at least 3 independent 

experiments.
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hours post-temperature shift

Figure 7.8 ts28 defects quickly recover following a shift from the 

non-permissive to permissive temperatures. Immunofluorescence 

analysis o f cells infected with ts28 vaccinia virus at the nonpermissive temperature 

for 12 h, and then transferred to the permissive temperature for 0 , 1 or 2 h before 

fixation. A17L and F17R (red) re localise to the viral factories (blue) within the first 

hour. Factory-localised tyrosine phosphorylation (apY, red) begins in the first hour, 

and continues to increase in the second hour. A27L (red) is only recruited to emerging 

virus particles in the second hour following temperature shift. Arrowheads highlight 

emerging virus particles. Images are representative o f more than 200 cells in each of 

at least 3 independent experiments. 214



function. To test whether this is indeed the case, nonpermissive infections with 

ts28 virus were rescued by transient expression of either GFP-tagged F10L or a 

mutant predicted to disrupt the catalytic function of the protein (F10L-D307A). 

This mutant was chosen by comparing the sequence of F1OL with those of well 

characterised protein kinases, and its lack of kinase activity has been confirmed 

(Szajner et al., 2004a). While GFP-F10L is recruited to viral factories, GFP- 

F10L-D307A adopts a diffuse distribution, with some accumulation at the 

centrosome (Figure 7.9). GFP-F10L rescues the defects observed in ts28 

vaccinia infected cells at the nonpermissive temperature: factory-localised 

tyrosine phosphorylation is restored (Figure 7.9a), as is virus particle formation 

(Figure 7.9b).

GFP-F10L or GFP-F10L-D307A was also transiently expressed in cells infected 

with wild type, WR vaccinia. Interestingly, overexpression of GFP-F10L-D307A 

was sufficient to block factory-localised tyrosine phosphorylation in the 

presence of endogenous wild type F10L (Figure 7.10). F17R is also displaced 

from the factories by kinase dead FIOL (Figure 7.11). However, the localisation 

of A17L is unaffected by GFP-F10L-D307A (Figure 7.12). Taken together, this 

suggests that FIOL kinase activity is required continuously for the localisation of 

F17R and for factory-localised tyrosine phosphorylation, but is only transiently 

required to target A17L to the same region. The kinase activity of FIOL is 

therefore critical for its function in the vaccinia lifecycle.

7.4 Summary

FIOL is required for the correct targeting of at least two critical viral proteins to 

the viral factory region, the site of viral DNA replication. Both A17L and F17R 

are phosphorylated, and the phosphorylation of A17L has been shown to be 

dependent on FIOL (Derrien et al., 1999). Consistent with this, the kinase 

activity of FIOL is required to ensure proper targeting of A17L and F17R to the 

viral factories. FIOL therefore plays an essential role in viral morphogenesis, by 

regulating the delivery of viral proteins to sites of viral assembly.
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Figure 7.9 Transient rescue of ts28 phenotypes requires the kinase 

activity of F10L. a-b Immunofluorescence analysis o f ts28 vaccinia-infected 

HeLa cells at the non-permissive temperature, expressing GFP-FIOL and 

GFP-F10L-D307A (green). GFP-FIOL rescues both factory-localised tyrosine 

phosphorylation (a-pY, red, a) and mature virus particle formation (A27L, red b), 

whereas GFP-F10L-D307A fails to rescue either phenotype. Note that while GFP-FIOL 

is strongly recruited to factories (DAPI, blue), GFP-F10L-D307A remains largely diffuse. 

Both proteins accumulate in perinuclear aggregates. Scale bar 10 pim. Images are 

representative of more than 200 cells in each o f at least 3 independent experiments. Cells 

were infected for 10 h, transfected for 4 h, and fixed at 8 hpi.
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Figure 7.10 Kinase-dead FIOL is recruited to factories in WR vaccinia- 

infected cells, and blocks factory-localised tyrosine phosphorylation.

Immunofluorescence analysis o f WR vaccinia-infected HeLa cells overexpressing 

GFP-FIOL and GFP-F10L-D307A (green). Both proteins are recruited to viral 

factories (blue, DAPI), but only GFP-F10L-D307A acts to inhibit tyrosine 

phosphorylation of factory-localised proteins (a-pY, red). Scale bar 10 //m. Images 

are representative o f more than 200 cells in each o f at least 3 independent 

experiments. Cells were infected for 4 h, transfected for 4 h, and fixed at 8 hpi.
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Figure 7.11 Kinase-dead FIOL is recruited to factories in WR vaccinia- 

infected cells, and causes F17R to mislocalise. Immunofluorescence analysis 

of WR vaccinia-infected HeLa cells overexpressing GFP-FIOL and GFP-FlOL- 

D307A (green). Both proteins are recruited to viral factories (blue, DAPI), but only 

GFP-F 10L-D307A disrupts F17R localisation (red), causing it to adopt a diffuse 

distribution. Scale bar 10 ;/m. Images are representative o f more than 200 cells in each 

of at least 3 independent experiments. Cells were infected for 4 h, transfected for 4 h, 

and fixed at 8 hpi.
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Figure 7.12 Kinase-dead FIOL is recruited to factories in WR vaccinia- 

infected cells, but does not displace A17L from the factories.

Immunofluorescence analysis o f WR vaccinia-infected HeLa cells overexpressing 

GFP-FIOL and GFP-F 10L-D307A (green). Both proteins are recruited to viral 

factories (DAPI, blue), and neither affects the association o f A17L (red) with this 

site. Scale bar 10 ;/m. Images are representative o f more than 200 cells in each of 

at least 3 independent experiments. Cells were infected for 4 h. transfected for 4 h, 

and fixed at 8 hpi.
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Chapter 8

Discussion

8.1 A role for Grb2 In the actin-based motility of vaccinia virus

8.1.1 Grb2 is a secondary adaptor in the vaccinia actin tail-forming complex

In the first section of this thesis, the SH2/SH3 domain-containing adaptor 

protein Grb2 is identified as a component of the vaccinia actin tail nucléation 

complex. Grb2 is recruited to virus particles through two different protein- 

protein interactions. The first, between the SH2 domain of Grb2 and 

phosphorylated tyrosine 132 of A36R, is a direct interaction in vitro. The 

second, between either of the two Grb2  SH3 domains and the poly-proline rich 

region of N-WASP is inferred from the loss of Grb2 recruitment following 

mutation of Grb2 SH3 domains or deletion of the N-WASP poly-proline rich 

region. Both interactions are required for efficient recruitment of Grb2  to virus 

particles (Figure 8.1a) (Scaplehorn et al., 2 0 0 2 ).

Like many other SH2  domain-dependent interactions, the binding of Grb2 to 

phosphorylated Y132 and of Nek to phosphorylated Y112 in A36R is highly 

specific in vitro (Figure 4.4). This, combined with the observation that A36R- 

Y132F fails to recruit Grb2, suggests that neither adaptor binds promiscuously 

to the other's docking site in vivo. Even in the rare occasions where ectopically 

expressed A36R-Y112F generates an actin tail. Nek is absent from the actin 

nucléation site (Figure 4.3).

SH3 domain-dependent interactions within the complex appear to be more

flexible. For example, it is surprising that either of the two Grb2 SH3 domains,

in combination with the SH2 domain, is sufficient for recruitment to the complex.

This flexibility may perhaps be indicative of both SH3 domains engaging N-

WASP simultaneously, and so mutation or deletion of one does not prevent its

recruitment. Alternatively, there may be significant variability in the precise

structural arrangements of the different proteins involved at the actin tail-
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Figure 8.1 Grb2 is a secondary adaptor for the vaccinia actin tail 

nucléation complex, a Model for the assembly o f the actin tail complex. 

Association o f Nek and WIP with virus particles is dependent on N-WASP. 

Recruitment of WIP and N-WASP is dependent on the SH2 domain o f Nek. 

Recruitment of Grb2 is dependent on both A36R and the poly-proline rich domain 

o f N-WASP. b Nek and Grb2 may bind the same A36R molecule (cis-complex), 

or may associate with different A36R molecules (trans-complex).
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nucléation site. We assume that Nek and Grb2 are able to bind to the same 

A36R molecule, forming a complex with a bidentate attachment to the 

transmembrane scaffold. However, it is also possible that the complex forms 

between two different A36R molecules, one A36R associating via Nek and the 

other via Grb2 . Such heterogeneity would also be sufficient to explain the lack 

of strict requirements for particular SH3 domain-dependent interactions (Figure 

8 .1 b).

Following the first observation of Grb2  localisation to virus particles nucleating 

actin tails, it was predicted that its function might be to recruit Sos and activate 

the Ras-MAPK pathway. The absence of Sos at these sites however suggests 

that this is not the case. In fact, vaccinia activates this pathway in at least two 

different ways, independently of actin tail-formation. Firstly, a component 

packaged within virus particles is capable of activating MARK following the 

entry of vaccinia into the cell (Andrade et al., 2004; de Magalhaes et al., 2001). 

Secondly, vaccinia encodes its own homologue of epidermal growth factor 

(vaccinia growth factor or VGF), which is secreted and acts locally to stimulate 

host epidermal growth factor receptors (Tzahar et al., 1998). This signal is also 

likely to result in MARK activation through recruitment of Grb2 and Sos.

Viral subversion of Grb2 for the formation of actin tails may in fact act to locally 

downregulate MARK activation. A precedent for this is set by the hepatitis C 

virus nonstructural protein 5A (NS5A), which binds Grb2 and inhibits MARK 

activation when overexpressed (He et al., 2002). However, given that A36R- 

Y132F virus nucleates actin tails and appears to undergo a normal viral life 

cycle without recruiting Grb2, it would seem unlikely that such effects would be 

significant, at least outside of natural infection.

The absence of dynamin 2 from vaccinia actin tails is more unusual, since this 

Grb2-binding protein is recruited to a number of different actin nucléation sites, 

including Listeria actin tails, rocketing vesicles, EREC pedestals and 

podosomes (see 8.1.2) (Holden, 2003; Lee and De Camilli, 2002; McNiven et 

al., 2004; Orth et al., 2002; Spinardi et al., 2004). Dynamin is a large GTRase
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whose major functions appear to be membrane tubulation and vesicle release 

(Praefcke and McMahon, 2004). Both processes involve the ability of dynamin 

to “pinch” membranes, constricting larger membrane compartments and 

liberating vesicles from budding membranes by contracting the bud “neck”. 

Dynamin 2  is recruited to many sites of actin nucléation via its proline-rich 

domain, and GTPase inactive mutants have a dominant-negative effect on the 

speed of vesicle rocketing (Orth et al., 2002). However, the function of dynamin 

in promoting actin nucléation is unclear. In response to growth-factor 

stimulation, dynamin 2  and cortactin colocalise at dynamic “wave”-like 

structures that appear to stimulate disassembly of actin filaments (Krueger et 

al., 2003). Although cortactin is present in vaccinia actin tails, dynamin 2 is 

absent (Figure 4.8) (Scaplehorn et al., 2 0 0 2 ).

Bearing in mind that Grb2 requires at least one of its SH3 domains to enable its 

recruitment to the complex, the absence of Sos or dynamin 2  is perhaps not 

surprising. The targeting of Grb2 to the complex requires the poly-proline rich 

region of N-WASP -  this suggests that N-WASP delivers Grb2  to A36R, rather 

than vice-versa. In being delivered by N-WASP, at least one of the SH3 

domains of Grb2  is likely to be occupied. This may be sufficient to prevent Grb2 

from bringing Sos, dynamin, or any other binding partner with it.

To describe the unusual behaviour of Grb2 in this context, we propose the 

name “secondary adaptor”. Whereas Nek acts as a conventional or “primary” 

adaptor in recruiting the WIP/N-WASP complex, Grb2 is a “secondary” adaptor, 

dependent on the function of Nck/WIP/N-WASP for its own recruitment. What 

features of the vaccinia tail-forming complex force Grb2 into a secondary role? 

In vitro, Grb2 binds to the A36R-Y132P peptide with an apparently similar 

affinity as Nek binding to the A36R-Y112P peptide (Figure 4.4). The complexity 

of this issue is increased further when the question of A36R phosphorylation is 

also considered -  this is discussed below (see 8.2.1). A different possibility is 

that a larger proportion of the total pool of Nek is pre-bound to WIP/N-WASP 

than is Grb2. This could also explain why A36R-Y112F fails to recruit
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Grb2/WIP/N-WASP efficiently (and only does so when A36R-Y112F is 

overexpressed).

It is interesting to note here that overexpression of Grb2 promotes actin tail- 

formation by overexpressed A36R-Y112F. In most circumstances, 

overexpression of a primary adaptor protein reduces the level of signal that 

passes through it, since the amount of free adaptor (i.e. not bound to its 

downstream effector) is increased while adaptor-effector complexes become 

comparatively less abundant (Rodriguez-Viciana et al., 1997). The fact that 

Grb2 overexpression does not inhibit actin tail formation by wild-type virus is not 

surprising, since in this context it behaves as a secondary adaptor and so is 

unlikely to have an effect in the presence of normal levels of Nek. However, 

even in the absence of Nek (in cells overexpressing A36R-Y112F, when Grb2 is 

presumed to act as a weak, primary adaptor), Grb2 overexpression enhances 

actin tail formation. One possible explanation for this unexpected result is that 

overexpressed Grb2 competes with Nek for binding to N-WASP, and so the 

pool of Grb2/WIP/N-WASP complexes is increased. It is however unclear why 

this effect also depends on overexpression of A36R -  perhaps A36R 

phosphorylation is a factor here (see 8 .2 .1 )

While the N-WASP poly-proline rich region appears to be important for Grb2 

recruitment, we cannot establish whether Grb2  and N-WASP interact directly in 

vivo. The Grb2 carboxy-terminal SH3 domain was shown to significantly 

enhance the ability of N-WASP to stimulate the Arp2/3 complex in pyrene-actin 

assays (Carlier et al., 2000). However, a number of different proteins could 

potentially be involved in connecting Grb2  to N-WASP in the actin tail-forming 

complex. One such protein, WISH, binds via its poly-proline rich sequences to 

Grb2 and to N-WASP via its own SH3 domain (Fukuoka et al., 2001 ). Like 

Grb2 and Nek, WISH activates N-WASP independently of Cdc42. However, 

GFP-WISH is not present at the tips of actin tails in vaccinia-infected cells (ZettI, 

2004). Profilin is also thought to bind to the poly-proline rich domain of N-WASP 

(Suetsugu et al., 1998). The absence of Grb2 from virus particles that have 

recruited an N-WASP truncation mutant lacking the poly-proline rich region
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could therefore be due to reduced recruitment of profiiin to the particle, although 

Grb2 and profiiin are not thought to interact directly.

Without knowing the direct binding partner of Grb2 , in the absence of any 

identified Grb2-dependent proteins in the complex, and with no obvious 

phenotype resulting from loss of Grb2 aside from reduced actin tail formation, it 

is difficult to explain why Grb2  is recruited to the nucléation site at all. It is 

possible that Grb2 simply enhances N-WASP activation, stabilising its active, 

open conformation. Alternatively, Grb2  may stabilise the entire complex, 

effectively locking WIP/N-WASP into place beside A36R. Answers to all of 

these questions might be found using techniques such as fluorescence 

recovery after photobleaching (FRAP) to measure the exchange dynamics of 

each component in the complex, and FRET to determine the activation state of 

N-WASP. A kinetic analysis such as this may explain why Grb2  acts as a 

secondary adaptor in the complex, and how this behaviour shapes signalling 

specificity downstream of A36R and other tyrosine-phosphorylated scaffolds 

such as receptor tyrosine kinases.

8.1.2 Evidence of a role for Grb2 In the regulation of actIn nucléation

A great deal of insight can be gained by comparing the vaccinia actin tail- 

forming complex with the actin nucléation complexes of similar systems. 

Complexes containing Nek, Grb2, WIP, and N-WASP have been identified in 

several different contexts, and in each, the requirements for their recruitment to 

sites of localised tyrosine phosphorylation appear to be different.

A large number of different proteins have been found to be associated with the 

actin pedestals formed by EPEC (Goosney et al., 2001). These include the 

adaptor proteins Nek, Grb2, Crk2 and She, the actin-nucleating components 

WIP, N-WASP, and the Arp2/3 complex, the actin capping protein gelsolin, and 

a number of proteins more commonly found at focal complexes, such as zyxin 

and vinculin. The recruitment of most of these proteins, with the exception of 

CD44 and calpactin, depends on the presence of Tir. Many proteins do not
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require Tir phosphorylation for their targeting to sites of bacterial adherence, 

and these include gelsolin, tropomyosin, ezrin, a-actinin and talin. 

Phosphorylation of tyrosine 474 of Tir (Y474P) is required for recruitment of 

Nek, which binds directly to this region of Tir via its SH2 domain (Gruenheid et 

al., 2 0 0 1 ).

However, unlike vaccinia virus A36R, Tir possesses no tyrosine 

phosphorylation sites that fit the Grb2 SH2 binding site consensus (YXN), 

suggesting that Grb2  is unlikely to bind directly to Tir via its SH2 domain. It is 

possible that there are further, host-derived phosphotyrosine scaffold proteins 

that accumulate at bacterial adhesion sites. Alternatively, Grb2  could be 

recruited to the complex via its SH3 domains, perhaps through interaction with 

N-WASP. Interestingly, the close relative of EPEC, EHEC, which also 

nucleates pedestals, does so in the absence of Tir phosphorylation, and fails to 

recruit not only Nek, but also Grb2 and Crk2 (Goosney et al., 2001). Whether 

Grb2 is required for EPEC pedestal formation remains to be seen.

The system that most closely resembles actin tail formation by vaccinia is the 

actin-based rocketing of intracellular vesicles such as pinosomes (Taunton, 

2001). Vesicle rocketing can be stimulated in several ways, including addition of 

the protein kinase C (PKC) activator, phorbol myristate acetate (PMA), 

incubation in hyperosmotic solutions, and overexpression of either 

phosphoinositide-4-phosphate-5-kinase (PI5K) or constitutively active ADP- 

ribosylation factor- 6  (ARF6 ) (Merrifield et al., 1999; Rozelle et al., 2000; Schafer 

et al., 2000; Taunton et al., 2000). In fibroblasts, PI5K-induced rocketing 

vesicles recruit Nck1/2, Grb2 , WIP, N-WASP and the Arp2/3 complex (Benesch 

et al., 2 0 0 2 ).

The recruitment of proteins to rocketing vesicles has been subjected to a similar 

analysis to that applied to vaccinia actin tails (Benesch et al., 2002). Like 

vaccinia. Nek recruitment depends on its SH2 domain, although the identity of 

the phosphotyrosine scaffold to which Nek binds in this case is unknown. WIP 

recruitment to the complex is independent of its WASP-binding domain,
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suggesting that the arrangement of the complex is the same as that formed by 

vaccinia (i.e. pY -» Nek -*  WIP N-WASP). However, important differences 

are apparent. Notably, in N-WASP null cells, vesicles still recruit Nek, WIP and 

Grb2 , whereas vaccinia is unable to recruit any of these proteins in the absence 

of N-WASP (Snapper et al., 2001).

The reason for this difference is unclear -  one possibility is that A36R 

phosphorylation may be impaired in the absence of N-WASP (although 

dominant negative N-WASP proteins fail to block A36R phosphorylation -  

Figure 5.11). Another is that Grb2 plays a more dominant role in stabilising the 

association of A36R, Nek and WIP at vesicles than it does at vaccinia virus 

particles. Using a number of different N-WASP deletions it was shown that N- 

WASP recruitment to vesicles is in fact mediated by three separate interactions: 

with WIP through the WH1 domain, with either Nek or Grb2 through the poly

proline rich region, and with an unknown protein that is able to bind to the basic- 

CRIB domain (Schafer et al., 2000). Deletion of any one of the above domains 

has no effect on N-WASP’s ability to target vesicles and promote their motility in 

N-WASP null cells. Furthermore, each of the domains in isolation can target 

vesicles efficiently. In contrast, neither the basic-CRIB domain nor the poly

proline rich region of N-WASP is recruited to vaccinia virus particles (Moreau et 

al., 2000). These observations are consistent with a more dominant role for the 

poly-proline rich domain, and possibly therefore Grb2, in vesicle motility. Most 

tellingly perhaps, pinosomes whose motility is induced by ARF6  overexpression 

recruit Grb2 but fail to recruit Nek (Schafer et al., 2000). This suggests that 

Grb2 is capable of acting independently - possibly as a primary adaptor for N- 

WASP in certain circumstances.

Grb2 appears to be an important part of yet another actin-nucleation complex - 

that which is responsible for generating podosome-like structures in epithelial 

cells (Spinardi et al., 2004). Podosomes were first characterised in 

mesenchymal cells, and were described as columnar arrays of actin filaments, 

perpendicular to the substratum and surrounding a narrow tubular invagination 

of the plasma membrane (Davies and Stossel, 1977). Subsequently,
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podosome-like structures have been characterised in epithelial cells, where 

they are proposed to play a role in organising hemidesmosomes (points of 

contact between the intermediate filament network and the cell surface) 

(Spinardi et al., 2004).

Although epithelial podosomes recruit a large number of different proteins to 

their actin-rich cores, including Nek, Grb2 , N-WASP and the Arp2/3 complex, 

podosome formation is markedly different from generation of actin tails or 

pedestals. Neither the WA subunit of N-WASP, nor an N-WASP truncation 

mutant lacking the WA domain, can either disrupt or even localise to epithelial 

podosomes. Remarkably, overexpression of Grb2  however results in severe 

disruption of podosome structure and loss of dynamin, Src and N-WASP from 

the cores (Spinardi et al., 2004). The binding partners of Grb2 in this system are 

currently unknown.

Grb2 is clearly involved directly in the regulation of actin nucléation in many 

different situations. Consistent with this, chemical inhibitors of the Grb2 SH2 

domain are able to inhibit several different aspects of cell motility, including 

Rac-dependent membrane ruffling (Gay et al., 1999). Grb2 also appears to be 

involved in regulation of Rho-family GTPases, as several different complexes 

containing Grb2 and p190-RhoGAP have been found to form during events as 

diverse as gastrulation in Xenopus embryos and fear memory formation in the 

rat amygdala (Dupont and Blancq, 1999; Lamprecht et al., 2002).

In many systems, the involvement of Grb2 in cell motility is less direct. For 

example, focal contacts are able to recruit Grb2, but use it to activate MAPK 

signalling rather than to promote actin nucléation directly (Lin et al., 1997). The 

Eph-receptor family of RTKs, which are involved in transmitting axonal 

guidance cues to the growth cone cytoskeleton, also bind Grb2. Yet here too, 

the involvement of Grb2 is thought to be limited to the activation MAPK 

cascades (Tong et al., 2003). Such activation may affect cell motility: for 

example, MAPK activation has been shown to progress in waves through 

sheets of migrating cells and may play some part in coordinating the behaviour
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of such cellular groups (Matsubayashi at al., 2004). By stimulating MAPK 

pathways, Grb2 also acts to modify programs of gene expression to favour 

motile behaviour. In colon carcinoma cells, MARK activity regulates the 

expression of Fra-1, a Fos-family member that acts to suppress Rho activity, 

while at the same time activating Rac through the urokinase-type plasminogen 

activator receptor (uPAR) (Vial et al., 2003).

In conclusion, Grb2  plays diverse roles in the signalling transduction networks 

regulating the actin cytoskeleton, both directly through N-WASP- and RhoGAP- 

containing complexes, and indirectly through MAPK. Its function in the 

formation of vaccinia actin tails appears to be limited to secondary stabilisation 

and/or activation of a complex containing Nek, WIP and N-WASP. Although 

additional functions and binding partners cannot be ruled out, we have been 

unable to detect any further Grb2-dependent phenotypes in addition to a 

reduced ability to nucleate actin tails. It is possible that loss of Grb2  recruitment 

in the A36R-Y132F virus does have a significant impact on the progress of 

disease in an animal model, but this has not been tested.

Using vaccinia as a model system, we were able to characterise the recruitment 

of Grb2  to an actin nucléation complex in detail. We describe the behaviour of 

Grb2  in this system as that of a secondary adaptor protein, because its 

recruitment to a phosphotyrosine scaffold (A36R) is dependent on the 

interaction of a primary adaptor protein (Nek) with the same scaffold. It seems 

likely that this form of behaviour is a common feature of phosphotyrosine- 

mediated signalling complex assembly, and may be a mechanism by which 

subtle changes in signal specificity can be achieved.

8.2 Tyrosine phosphorylation of A36R at the plasma membrane

8.2.1 A switch from microtubule- to actin based motility

The actin-based motility of vaccinia virus was for several years assumed to be a

means for the virus to spread through the cytoplasm, from the perinuclear TGN

to the plasma membrane. However, video and confocal analysis subsequently
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showed that actin tail formation only occurs at the plasma membrane, and that 

viral cytoplasmic spread is a microtubule-, kinesin- and A36R-dependent 

process (Hollinshead et al., 2001 ; Rietdorf et al., 2001 ; Ward and Moss, 2001a). 

If A36R is exposed to the cytoplasm throughout this journey, why then do actin 

tails only form at the plasma membrane? We proposed that actin tail formation 

is restricted to the cell surface because A36R tyrosine-phosphorylation only 

occurs at this location. To confirm this, a phosphospecific antibody was raised 

against A36R, and was tested using a number of different assays for its 

specificity. Using this antibody, we showed that A36R phosphorylation is 

indeed restricted to virus particles at the plasma membrane, and is mutually 

exclusive with kinesin association. Further studies in the lab have shown that 

A36R phosphorylation by src mediates a switch between the microtubule- and 

actin-based motilities of vaccinia (Newsome et al., 2004).

Attempts to raise an antibody specific for the Nek binding site, A36R-Y112P, 

were unsuccessful. The aY112P antibody failed to discriminate between A36R- 

WT, -Y112F, -Y132F and -YdF virus particles by immunofluorescence, 

suggesting that the antibody detects an epitope that is distant from or 

unaffected by Y112P, at least in this application. By western blot however, 

aY112P detects A36R-Y112F by western blot, but does not recognise A36R- 

YdF. The simplest explanation for this behaviour is that aY112P cross-reacts 

with Y132P. However, this hypothesis is only applicable if Y132 is 

phosphorylated in A36R-Y112F-infected cells, and subsequent data suggests 

that this is not the case (see below). Furthermore, inhibition of src kinase 

activity by PP2 fails to block aY112P labelling, suggesting that its epitope is not 

phosphospecific, but does depend on the presence of tyrosine and not 

phenylalanine at either of the two phosphorylation sites. Finally, it is possible 

that serine phosphorylation of A36R may be affected by the tyrosine 

phosphorylation status of the protein, and may interfere with or enhance 

recognition of A36R by aY112P. It will be interesting to determine whether 

phosphatase treatment of extracts containing either wild-type A36R or A36R- 

YdF affects the ability of aY112P to detect the protein by western blot.

230



The antibody raised against A36R-Y132P appears to give labelling more 

consistent with phosphospecificity in immunofluorescence assays, as 

demonstrated by peptide blocking and kinase inhibition. However, aY132P only 

labels WR virus particles and fails to detect those containing A36R-Y112F, 

A36R-Y132F and A36R-YdF. This suggests that in the absence of Y112, Y132 

does not become phosphorylated. Several other proteins have now been 

shown to undergo cooperative phosphorylation, having both primary and 

secondary phosphorylation sites. For example, cortactin becomes tyrosine 

phosphorylated at three different residues in response to Rac activation. Using 

phosphospecific antibodies, it was shown that phosphorylation of Y466 is 

dependent on phosphorylation of Y421 (Head et al., 2003).

How does cooperative phosphorylation affect our interpretation of Grb2’s 

behaviour as a secondary adaptor? Does Grb2 play a secondary role because 

its SH2 domain-binding site on A36R is a “secondary phosphorylation site”? It 

seems likely that the dependence of Y132 on Y112P is likely to be a significant 

contributory factor in the inability of A36R-Y112F virus to form actin tails, since 

neither of the two tyrosine residues is phosphorylated in this instance. This 

may explain why A36R overexpression can on rare occasions generate 

Y112F/Grb2-dependent actin tails - perhaps ectopically expressed A36R is 

somehow more prone to phosphorylation.

However, secondary phosphorylation of Y132 is not sufficient to explain all of 

the data that supports the secondary role of Grb2. For example, the lack of 

recruitment of Grb2 mutants and truncations to virus particles cannot be 

accounted for by defective Y132P phosphorylation. Additionally, this model 

cannot explain the absence of endogenous Grb2 recruitment to particles that 

have recruited N-WASP truncations. Y132P phosphorylation may depend on 

the presence of unidentified Y112P-dependent components of the complex. 

Alternatively, the Y 1 1 2  site may be required for stable association of src with 

A36R in a conformation that promotes Y132 phosphorylation. The recruitment 

of src to virus particles at the plasma membrane does not require either of the 

two phosphorylation sites to be intact however, since A36R-YdF virus efficiently
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recruits src (Newsome et al., 2004). In general, it would appear that both A36R 

phosphorylation-dependent and -independent factors contribute to the 

secondary behaviour of Grb2.

While the data presented clearly show that phosphorylation of Y132 occurs at 

the plasma membrane, how can we be certain that Y112 phosphorylation does 

not occur significantly earlier, perhaps during microtubule transport? The lack 

of a reliable aY112P antibody makes this extremely difficult. The broad- 

specificity aphosphotyrosine antibody 4G10 fails to detect A36R-Y112F and 

A36R-YdF but does detect A36R-Y132F. However, this cannot be used as 

evidence that 4G10 specifically recognises Y112P, for two reasons. Firstly, the 

interdependence described above means that neither A36R-Y112F nor A36R- 

YdF is phosphorylated at Y132, and so there is no opportunity for 4G10 to 

cross-react. Secondly, Y112F is unable to recruit a number of different proteins 

whose tyrosine phosphorylation could be responsible for 4G10 signal, including 

Nek and N-WASP.

For the above reasons, it is not possible to state with certainty that Y112 

phosphorylation is restricted to the plasma membrane. However, further work 

in the lab has provided evidence that indirectly supports the conclusion that 

Y112 and Y132 are both phosphorylated at the cell surface (Newsome et al., 

2004). Direct phosphorylation of A36R-Y112 by src has been demonstrated in 

vitro. In vivo, A36R and endogenous src colocalise only at the plasma 

membrane, and like aY132P, src-labelling is mutually exclusive with that of 

kinesin. The simplest interpretation of these findings is that A36R is 

phosphorylated at Y112 and Y132 by src, and that the association between 

kinase and substrate occurs only at the plasma membrane.

These findings raise the possibility that A36R phosphorylation is responsible for 

not only initiating actin tail formation, but also terminating contact with kinesin 

and the microtubule network (Figure 8.2). Two experiments strongly endorse 

this model. Firstly, A36R-YdF virus fails to dissociate from kinesin following 

transport to the cell surface, and yet readily fuses with the plasma membrane
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Figure 8.2 Proposed model for the src-mediated switch from 

microtubule- to actin-based motility of vaccinia virus. Schematic 

representation o f the steps involved in transferring from microtubule-based 

m otility to actin tail formation. lEV particles are delivered to the plasma 

membrane on microtubules through an interaction between A36R and kinesin. 

Following fusion with the plasma membrane, a localised outside-in signalling 

cascade activates src, which phosphorylates A36R. A36R phosphorylation has 

the dual function o f releasing kinesin from the complex, and subsequently 

recruiting the actin tail nucléation complex. Figure adapted from an original 

by Tim Newsome, Newsome et. al., 2004.
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and recruits src (Newsome et al., 2004). This confirms that neither virus particle 

budding nor src association are sufficient to disrupt kinesin binding. Secondly, 

high-level overexpression of src in infected cells can efficiently block the 

microtubule-based spread of lEV virus particles (Newsome et al., 2004). 

Tellingly, the TGN labels strongly with aY132P in these cells, suggesting that 

A36R is prematurely phosphorylated by ectopically expressed src. This could 

be sufficient to block kinesin recruitment and microtubule based transport.

Protein phosphorylation appears to be a commonly used mechanism to 

regulate motor protein function. Most examples of this are thought to involve 

phosphorylation of the motor protein and not the cargo. However, one 

prominent protein whose transport may be regulated by cargo phosphorylation 

is amyloid precursor protein (APP), the source of p-amyloid plaques in 

Alzheimers patients. Defects in the processing and transport of APP are 

thought to contribute to the progression of disease. APP is threonine- 

phosphorylated by JNK (c-Jun N-terminal kinase), and this event appears to 

increase binding to kinesin light-chain 1 (Inomata et al., 2003). A physiological 

role for this regulation is however not yet apparent.

How relevant is the switching of vaccinia virus from microtubule- to actin-based 

motility at the plasma membrane, in the context of normal cell physiology? 

While a large body of work has recently emerged describing functional 

cooperation between microtubule-based motors (the dyneins and kinesins) and 

actin-based motors (myosins), there is very little evidence for endogenous 

vesicles inducing actin nucléation following their delivery to the plasma 

membrane on microtubules (Vale, 2003). However, vesicle delivery to areas of 

actin nucléation is an important process in the assembly of the leading edge 

and during phagocytosis (Lecuit and Pilot, 2003). Perhaps these vesicles also 

deliver actin-nucleating components to the plasma membrane. Were this to be 

true, it would represent an important mechanism by which the microtubule 

network can directly influence actin-dependent processes. Finally, there is 

much evidence to suggest that the reverse process, of actin-dependent
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endocytic vesicle formation followed by microtubule-based vesicle transport 

occurs (Apodaca, 2001).

8.3 Vaccinia-mediated disruption of centrosome structure

8.3.1 H IL disrupts the centrosome -  identifying MIL targets

While vaccinia hijacks host signalling proteins to promote actin nucléation, the 

virus has the opposite effect on the nucléation of microtubules (Ploubidou et al., 

2000). The aim of work presented in the second half of this thesis is to identify 

the mechanism by which vaccinia disrupts centrosome stability and microtubule 

nucléation. Whereas the molecular components regulating Arp2/3 complex- 

dependent movement have been intensively studied over recent years, signals 

regulating the integrity of the centrosome are still largely uncharacterised.

Following the identification of the viral dual-specificity phosphatase, H1L, as 

necessary and sufficient for the centrosome disruption phenotype, an open- 

ended approach was adopted to identify HI L binding partners. Although it had 

already been shown that phosphatase-dead H1L-C110S is able to disrupt the 

centrosome when overexpressed, it was unclear whether the relevant effectors 

were phosphorylated substrates, or proteins that bind to H1L in some other 

manner. Bearing in mind the obvious importance of protein phosphorylation in 

controlling centrosome functions, we decided to use a protocol that would bias 

our search in favour of phosphorylated substrates, reasoning that the effect of 

HI L-C110S could be mediated by its stable binding to and inhibition of an 

unknown substrate.

The substrate-trapping technique takes advantage of this property. During

normal catalysis, the active-site cysteine acts as a nucleophile, forming a thiol-

phosphate intermediate with the substrate. The phosphatase inhibitor, sodium

orthovanadate acts by mimicking phosphate, and binding this residue covalently

(Lindqvist et al., 1994). Conversion of the thiol group into a hydroxyl, by

mutating cysteine to serine, allows substrate recruitment but blocks the catalytic

mechanism, preventing release of the bound phosphoprotein (Flint et al., 1997).
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The major advantage of this method is that in theory, both substrate and non

substrate interaction partners may be identified.

However, the technique displayed several challenging disadvantages in 

practice. Firstly, as is always the case in pull-down experiments, a great deal of 

effort is required to achieve the correct level of stringency, both minimising non

specific background and maximising binding of bona fide interaction partners. 

Secondly, unlike yeast-two-hybrid and other similar methods, the technique 

relies heavily upon target abundance -  the read-out is strongly biased towards 

proteins expressed at high levels. Bearing in mind the small size of the 

centrosome (assuming that the target of H1L is in fact centrosomal), this may 

be a significant factor in the success of our approach. To counter both of these 

issues, by increasing the scale of the experiment, bacterially expressed H1L- 

C110S was used as bait. However, this leads to a third problem, in that the 

interaction responsible for the centrosome destruction phenotype must occur In 

vitro, in the absence of cellular functions such as trafficking, transport and post- 

translational modifications that might promote it in vivo.

Having identified potential binding partners, these must be verified, not only to 

test whether the interaction occurs in vivo, but also to determine whether the 

target has any effect on centrosome stability. Perhaps the simplest assay for 

this is to test whether target overexpression leads to any centrosomal defect. 

While centrosomal localisation would be a promising property for a candidate 

target, we cannot rule out that H1L targets a non-centrosomal protein that 

indirectly affects centrosome function. This is particularly true in light of the fact 

that during infection, H1L is only transiently localised at the centrosome and 

accumulates mainly on viral factories.

Candidate verification has so far only been achieved in any detail with SET, 

which was chosen on the basis of its interactions with host phosphatases and 

cell cycle regulators (Estanyol et al., 1999; Kellogg et al., 1995; Qu et al., 2002). 

SET failed to have any detectable effect on centrosome stability when 

overexpressed, and neither colocalisation nor interaction between HI L and SET
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could be detected in vivo. Despite this, further work would be necessary to 

conclusively rule out SET as an H1L target. This would include attempting to 

detect the interaction using different protein tags, monitoring the behaviour of 

endogenous SET using specific antibodies, and ablating SET expression using 

RNAi.

A number of other proteins identified by substrate trapping are worthy of follow- 

up. For example, the CRMP family of cytosolic phosphoproteins bind tubulin, 

and in some cases have been shown to localise to the centrosome (Fukata et 

al., 2002; Shih et al., 2001). It will also be interesting to test whether any of the 

four viral proteins identified (F17R, D13L, A10L, A l 1R), are bona fide MIL 

substrates or binding partners, especially since A10L has been identified as a 

microtubule-associated protein (Ploubidou et al., 2000). Even though A10L 

cannot be crucial for the disruption phenotype, since it occurs in uninfected 

cells, different viral proteins may have different contributions to the overall 

effect.

8.3.2 AuroraA kinase and centrosome disruption

In the absence of any clearly promising H1L targets from our pull-down 

approach, it was decided to apply the verification process to a candidate protein 

chosen from the literature. AuroraA kinase was selected on the basis of several 

important properties. The value of these properties had become apparent from 

three different lines of experimentation.

Firstly, AuroraA localises to the centrosome, and so should, at least initially, 

colocalise with HI L in GFP-H1L transfected cells. As discussed above, HI L 

may in fact target a non-centrosomal protein. However, the observations that 

VHR can neither localise to nor disrupt the centrosome added new weight to the 

argument that centrosomal targeting is required for the ability of HI L to disrupt 

the centrosome. For this reason, a centrosomal HI L binding protein was sought 

with renewed interest.
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Secondly, AuroraA is regulated at many levels by protein phosphorylation. In a 

collaborative project with the laboratory of Neil MacDonald, a crystal structure of 

HI L has been solved to 2.1 Â (Figure 8.3). This structure reveals that MIL has 

an unusually wide substrate-binding pocket, with two coordinating arginine 

residues that could accommodate the binding of two neighbouring phosphate 

groups. A recently published paper describing the structural basis of AuroraA 

activation showed that the AuroraA activation loop might be phosphorylated on 

two neighbouring threonine residues (Bayliss et al., 2003). This provoked our 

interest in AuroraA in particular as a centrosomal HI L substrate.

Finally, loss of AuroraA function has been shown to lead to loss of y-tubulin 

recruitment to the centrosome (Hannak et al., 2001). To what extent this 

phenotype is related to HI L-mediated centrosome disruption is unclear. In 

vaccinia-infected cells, both centriolar and pericentriolar antigens are dissipated 

in the cytoplasm, suggesting that destruction is often complete, occurring at the 

level of the centrioles (Ploubidou et al., 2000). in contrast, AuroraA is proposed 

to regulate the recruitment of pericentriolar material to the centrioles during 

centrosome maturation, and so far, its effects on the centrioles themselves 

have not been characterised. Moreover, the underlying structural basis of 

vaccinia/HIL-induced centrosome disruption is unknown. During the course of 

this project, an electron microscopy-based analysis of infected cells was 

initiated. However, so far, it has proven difficult to locate the centrosome reliably 

in either infected or uninfected cells, precluding any detailed structural 

comparison between the two. In the absence of any clear data describing the 

effect of either vaccinia or AuroraA on the centrioles, AuroraA could not be 

ruled out as a candidate.

Experiments to test directly whether HI L dephosphorylates and inactivates 

AuroraA have not yet been performed. However, several aspects of AuroraA 

behaviour in vivo are suggestive of involvement, either directly or indirectly, in 

the HI L-mediated centrosome disruption phenotype. The fact that endogenous 

AuroraA and exogenous HI L colocalise in pericentrosomal granules following
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Figure 8.3 Crystal structure of H1L to 2.1 A. Backbone representation 

o f the H IL  crystal structure. Red regions are a-helices, blue regions are 

component strands of ^-sheets. The substrate-binding cleft is indicated with an 

arrow. A  substrate coordinating arginine residue is highlighted at the base o f the 

substrate-binding cleft. Image generated by Laura Roces and Neil McDonald.
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H1L overexpression, and that AuroraA overexpression alone can promote 

centrosome disruption, are particularly interesting. This effect of AuroraA 

overexpression has been confirmed in another laboratory (Nigg, 2004), and has 

been found to occur using not only a different centrosomal kinase, Nek2, but 

also a centrosome-associated phosphatase, Cdc14 (Fry et al., 1998b; Kaiser et 

al., 2002; Mailand et al., 2002). Whether this reflects a general role for 

centrosomal kinase activity in the control of centrosome stability, or whether the 

phenotypes resulting from HIL, AuroraA, Cdc14 and Nek2 overexpression are 

in fact subtly different, remains to be seen. It will be particularly important to 

assess the integrity of centriolar markers under these conditions.

Using AuroraA as a marker gives the added benefit of providing a read-out for 

the effects of both infection and H1L overexpression on cell cycle progression.

It would appear that while infection blocks the cell cycle at the onset of mitosis, 

HI L-overexpressing cells arrest at the end of mitosis. The reason for this 

disparity is unclear, although it is likely that in an infected cell, many different 

viral factors influence cell cycle progression in different ways. In support of this, 

levels of both Cdkl and Cdk2 have been shown to decrease during vaccinia 

infection, although in this study, cells appeared to transit through G1 more 

quickly without a corresponding increase in the number of cells in G2 or mitosis 

(Wali and Strayer, 1999). Further work is clearly required to assess how 

vaccinia infection affects cell cycle transition.

Perhaps the most striking AuroraA-related observation is that in infected cells, 

the centrosome is apparently more strongly labelled with aAuroraA antibodies, 

and yet y-tubulin recruitment is reduced. This suggests that either AuroraA 

activation is inhibited, directly or indirectly by HI L, or that events downstream of 

AuroraA are blocked, despite AuroraA activation. Using the aT288P antibody 

to monitor the activation state of AuroraA suggests that AuroraA activation is 

somehow blocked in infected cells. However, we cannot be sure that such an 

effect is mediated by HI L, since in HI L-transfected cells, the cell cycle is 

arrested at the end of mitosis. To clarify matters, it may be possible to perform
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RNAi-mediated knock-down of H1L in infected cells to test its function in this 

context.

It is perhaps surprising that H1L expressing cells can undergo the dramatic 

changes in centrosome function required at the onset of mitosis, and yet 

apparently fail to complete mitosis. One possible explanation to account for this 

is that so far, only transient transfection has been used to deliver H1L. Since 

this process requires that DNA be delivered to the nucleus, cells are likely to be 

most susceptible to transfection during mitosis, following nuclear envelope 

breakdown. H1L expression would therefore begin upon exit from mitosis, at 

which point centrosome disruption could produce the observed arrest 

phenotype. Video analysis of transfected cells and microinjection of H1L protein 

into cell cycle-staged cells might help to confirm or disprove this hypothesis.

One possibility that should be considered is that centrosome disruption is an 

indirect effect of H1L- or vaccinia-induced cell cycle arrest. For example, upon 

exit from mitosis, many mitotic regulators, including AuroraA, are rapidly 

targeted for degradation by the ARC (Morgan, 1999). Under certain conditions, 

prolonged arrest at the M/G1 transition might lead to inappropriate degradation 

of centrosomal components. However, no significant changes in protein level 

have been observed by western blot following H1L expression. Even attempts 

to demonstrate differences in total levels of AuroraA in this way have so far 

failed, perhaps because of a combination of insufficient transfection efficiency 

and the possibility of apoptosis following prolonged arrest.

8.3.3 Does H1L disrupt the centrosome through MAPK?

While substrate-trapping experiments were being performed, Aspasia 

Ploubidou took advantage of the Xenopus egg extract system to test the effect 

of H1L protein on isolated centrosomes in vitro. It was discovered that the 

effect of H1L is conserved in this system, leading to centrosome disruption and 

inhibition of microtubule nucléation. A screen of kinase and phosphatase 

inhibitors was also performed on H1L-expressing cells, and it was found that
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treatment with the MEK inhibitor, U0127, significantly reduced the ability of H1L 

to disrupt the centrosome. Using the Xenopus system to perform 

immunoprécipitation experiments, it was shown that H IL forms a complex with 

ERK MAPK. Curiously, the interaction appears to require catalytically active 

HI L and involves phosphorylated, active ERK.

Based on these observations, a model may be proposed in which H1L binds to 

and activates ERK, which in turn disrupts the centrosome. There are still many 

experiments to be performed to test this hypothesis. Firstly, it must be 

demonstrated that H1L activates ERK when overexpressed. Activation of ERK 

during infection has already been demonstrated, and was also shown to require 

an encapsidated component of the vaccinia virion (Andrade et al., 2004; de 

Magalhaes et al., 2001). Secondly, the interaction between H IL and ERK must 

be tested in vitro to determine whether it is direct. Thirdly, it must be shown that 

MAPK activation can disrupt the centrosome independently of HI L.

A precedent for MAPK-induced centrosome disruption may in fact already exist. 

The first ever report of centrosome disruption in cultured cells described how 

centrosomal markers were lost following heat shock (Barrau et al., 1978). 

Subsequently, numerous other stress-inducing treatments were shown to result 

in the same phenotype, suggesting that activation of stress-activated signalling 

pathways is somehow involved (Debec et al., 1990). Since many of these 

pathways are relayed by MAPK cascades, it is a distinct possibility that stress- 

induced centrosome disruption is dependent on MAPK activity (Waskiewicz and 

Cooper, 1995).

Viral infection is also known to activate the stress response (Glotzer et al.,

2000). Could it be that vaccinia-mediated centrosome disruption occurs 

because vaccinia activates stress-dependent signalling pathways? Such an 

idea is especially attractive, since several other viruses have been shown to 

disrupt the centrosome, and none appears to encode a dual specificity 

phosphatase (Bystrevskaya et al., 1997; Jouvenet, 2003; Kotsakis et al., 2001). 

In answering this question, it is worth bearing in mind that viral infections in the
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absence of H1L (using the ts28, F10L temperature sensitive mutant) do not 

trigger the centrosome disruption response until H1L expression begins. 

Furthermore, H1L is still sufficient to induce the same phenotype in the absence 

of any other viral protein. Future work will therefore focus on the deployment of 

stress-activated signalling pathways in response to H1L expression.

While it has not been directly tested, it seems somewhat unlikely that activation 

of ERK always disrupts the centrosome. The most important issue to resolve 

then is not only whether but also how ERK is activated. One possibility is that 

the localisation of ERK activation dramatically affects its outcome. MAPKs are 

traditionally thought translocate to the nucleus following activation, to modify the 

activity of transcription factors (Khokhlatchev et al., 1998). Perhaps by forming 

complexes with different proteins, MAPKs can be targeted to different cellular 

locations. It will be interesting to test whether targeting MAPK to the 

centrosome by fusion with a constitutive centrosomal protein will be sufficient to 

induce a disruption phenotype. In this respect, it will also be important to 

determine the molecular determinants required for H IL ’s centrosomal 

localisation.

The relationship between MAPK activity and centrosomal proteins must also be 

explored. In a screen for ERK substrates, three important centrosomal 

regulators were identified: EB1, RanBPI and a-importin (Lewis et al., 2000). 

Both RanBPI and a-importin indirectly regulate AuroraA kinase activity (see 

2.2.2). While these targets have not yet been verified, they would form part of 

an attractive model to explain the impact of HI L and ERK on centrosome 

function.

8.3.4 Regulation of centrosome stability

Is the centrosome disruption phenotype merely a pathogenic consequence of 

virus infection and other cellular stresses, or does it reflect a physiological 

response with relevance to the normal function of the cell? There are several 

situations in which centrosome destruction takes place within a developmental
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context. For example, during myotube differentiation, myoblasts fuse to form 

multinuclear syncytia (Tassin et al., 1985). However, the centrosomes do not 

accumulate, and instead are destroyed by an unknown process. Centrosome 

destruction is also important during oogenesis in many different species. The 

initial centriole pair following fertilisation is derived from the sperm in these 

organisms -  to maintain centriole numbers, the oocyte centrioles must therefore 

be removed or destroyed (Schatten, 1994). It remains to be seen whether HI L 

interacts with the same regulatory controls that operate in these situations.

Centrosome disruption in response to stress may also have an important 

physiological function. Just as the cell cycle is arrested by DNA damage by 

activation of a checkpoint signal, the cell cycle may also be arrested in 

response to protein damaging treatments by disrupting the centrosome. Before 

we can claim that centrosome destruction represents the “protein damage 

checkpoint" however, it will be necessary to investigate more fully the 

relationship between centrosome disruption and the progression of other cell 

cycle-dependent processes.

While our data implicating MAPK in the centrosome disruption phenotype is 

promising, other possibilities should also be considered. Perhaps the most 

noteworthy observation in this respect is that overexpression of not only HIL 

but also AuroraA, Cdc14 and Nek2 can result in disruption (Fry et al., 1998b; 

Kaiser et al., 2002; Mailand et al., 2002). Intriguingly, the catalytic activity of 

neither HI L nor Nek2 is required for this phenotype. It is possible that all three 

proteins somehow act through MAPK to mediate their effect, or that different 

pathways are involved in each case.

In general, overexpression of centrosomal proteins may titrate out protein 

complexes from the centrosome, inhibiting its ability to recruit PCM. The fact 

that overexpression of both AuroraA and H IL results in the formation of 

pericentrosomal aggregates may be a clue as to how this process could occur. 

Titrated protein could accumulate in aggregates, preventing its reassociation 

with the centrosome. Using a GFP-tagged, testes-specific actin-related protein,
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GFP-Arp7A as an example, it was shown that protein aggregation does not 

necessarily lead to centrosome disruption. However, GFP-Arp7A does not 

colocalise with the centrosome, and so may not cause centrosomal proteins to 

coaggregate. Although the appearance of H1L pericentrosomal granules does 

not appear to be necessary for centrosome destruction, it is impossible to 

determine by immunofluorescence whether H1L accumulated at the 

centrosome is soluble or in the form of misfolded, insoluble aggregates.

Electron microscopy may be a more appropriate technique to resolve this issue.

MAPK could be involved in this process in a number of different ways. It is 

possible that MAPK activity is somehow required to promote protein 

aggregation -  for example, it has been shown that aggregation of proteins with 

expanded polyglutamine repeats (a process responsible for Huntingdon's 

disease), is stimulated by MEKK activity (Meriin et al., 2001). MEKK also 

becomes associated with the insoluble inclusion bodies, and for this reason it 

will be interesting to test whether MAPK cascade components are found in HI L- 

or AuroraA-containing aggregates. Protein aggregation may alternatively play a 

part in regulating MAPK activity: heat shock can cause MAPK phosphatase to 

enter the insoluble fraction, promoting MAPK activation independently of 

upstream kinases (Yaglom et al., 2003). Finally, the centrosome is an 

important site for protein processing -  perhaps centrosome destruction 

interferes with the ability of the cell to maintain protein folding and degradation 

(Fabunmi et al., 2000).

Clearly, the most challenging issue here will be to determine the chain of cause 

and effect in terms of MAPK activation, protein aggregation, and centrosome 

disruption. The degree to which these different processes are intertwined 

makes this challenge both daunting and rewarding, since it would bring together 

three important aspects of centrosome function -  the mechanism of its 

assembly and disassembly, its role as a scaffold for signal transduction 

networks, and its importance as a site for the regulation of protein folding and 

turnover (Figure 8.4).
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8.4 A role for F10L kinase In viral morphogenesis

6.4.1 Protein phosphorylation and virus assembly

During the course of investigations into the mechanism of vaccinia-induced 

centrosome disruption, several noteworthy observations were made concerning 

the function of F10L kinase during the vaccinia life cycle. Defects associated 

with infections lacking F10L are summarised below:

1 ) Although viral DNA replication occurs, virus particles fail to form in the 

absence of F10L

2) A marker for mature virus particles, A27L, remains diffuse in the 

cytoplasm.

3) Viral factories are not labelled by a broad specificity aphosphotyrosine 

antibody.

4) A viral protein component of the IMV membrane, A17L, fails to be 

recruited to the viral factories, and instead clusters in an uncharacterised 

compartment in close proximity to the factory region.

5) A viral phosphoprotein involved in the regulation of viral transcription fails 

to be recruited to the viral factories and remains diffuse in the cytoplasm.

6) A binding partner of A17L, A14L, is recruited to the factories but forms an 

unusual rosette-like distribution.

7) Expression of the viral dual specificity phosphatase H1L is delayed in the 

absence of F10L. Like A14L, H1L adopts a rosette-like distribution on the 

viral factories when expressed.

Without an antibody to detect F10L during infection, it is not possible to state

with any certainty whether the delayed appearance of H1L described above is

due to low-level, “leaky” F10L activity. In general, the relationship between H1L

and F10L is poorly understood. Since H1L and F10L are both packaged within

the virion core, it seems likely that H1L acts to counteract F10L-dependent

phosphorylation until it is required. However, it is not clear why H1L expression

is delayed in the absence of F10L, and it will be important to determine whether
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expression is suppressed at the level of transcription, translation or protein 

stability. This dependency may in fact be an ingenious way of limiting the 

activities of both F10L and H1L during infection. In the absence of F10L, H1L is 

also absent and so there is no net phosphorylation or dephosphorylation. As 

F10L levels rise, levels of HI L follow, ensuring that the activity of F10L is 

restricted to a particular point within the viral life cycle.

To test the function of H1L during infection, a virus has been engineered in 

which H1L expression is regulated by an inducible promoter (Liu et al., 1995). 

Using this virus, it has been shown that dephosphorylation of A14L, along with 

F17R and A17L, is dependent on MIL, since in its absence, all three proteins 

are hyperphosphorylated (Derrien et al., 1999; Liu et al., 1995; Traktman et al., 

2000). Indeed, the primary function of HI L during infection appears to take 

place within the virion, possibly before viral entry (Liu et al., 1995). De novo 

HI L expression is not required for completion of a viral life cycle. However the 

progeny virus particles from an HIL-deficient cycle are non-infectious (Liu et al., 

1995). HIL-dependent dephosphorylation of A14L, F17R and A17L, (which are 

all components of the virion), may therefore be important requirements for the 

earliest stages of infection such as early viral gene expression. F10L on the 

other hand acts during viral morphogenesis to “activate” the components 

suppressed by HI L in the virus particle (Traktman et al., 1995).

In particular, F10L expression appears to be required for the recruitment of a 

number of different proteins to the viral factories (Figure 8.5). Previous studies 

have shown that phosphorylation of both A17L and A14L is dependent on F10L, 

and that during virus maturation, A17L becomes cleaved in such a way that the 

phosphorylation site is removed (Derrien et al., 1999). F10L mediated 

phosphorylation is necessary for cleavage to occur. In light of the data 

presented here, it is possible that F10L is required to ensure that A17L is 

targeted to the same compartment as the protease that cleaves it* (Ansarah-

* The protease responsible for cleaving A17L has been identified during the preparation of this thesis. I7L is required for 

A l 7L processing, although its localisation has not been demonstrated in either wild type or ts28 mutant virus-infected 

cells.
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Sobrinho and Moss, 2004). Although it has been shown that both truncated 

and non-truncated forms of A17L bind A14L, it has not yet been determined 

whether A17L/A14L interaction requires F10L-dependent phosphorylation 

(Derrien et al., 1999). However, given that the two proteins do not localise to 

the same structure in the absence of F10L, this would seem to be a reasonable 

prediction.

Compared to A14L and A17L, little is known about the function of F17R. In the 

absence of F17R, normal DMA replication occurs and general patterns of viral 

protein synthesis appear unaffected (Zhang and Moss, 1991). Unlike 

morphogenesis in infections lacking F10L, A17L or A14L, immature virions do 

form, although they have aberrant internal organisation and fail to mature. This 

is suggestive, although not conclusive, of F17R acting downstream of 

F10L/A17L/A14L, and may explain why F17R recruitment to factories is blocked 

in the absence of F10L. Although F17R is hyperphosphorylated in the absence 

of MIL, it has not been shown that F17R is an F10L substrate.

The identity of the compartment to which A17L localises in the absence of F10L 

is not yet known. Since A17L is a membrane-associated protein, the 

compartment may well represent the ER-Golgi intermediate compartment 

membranes from which the IMV membrane is proposed to be derived (although 

this model is by no means universally accepted -  some believe that the IMV 

membrane is synthesised de novo as a single bilayer) (Sodeik and Krijnse- 

Locker, 2002). It is interesting to note that in infections lacking either A17L or 

A14L, a vesicular compartment, close to but not associated with the viroplasm 

has been observed by electron microscopy (Rodriguez et al., 1995; Traktman et 

al., 2000). It is however not yet possible to say with any certainty that the 

structures observed here by EM are the same as that observed by 

immunofluorescence in infections lacking F10L.

Following rescue of ts28 virus infections at the nonpermissive temperature by 

shifting to the permissive temperature, A17L appears at the viral factories within 

one hour. This process must be viewed live using video microscopy to confirm
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that movement is indeed involved (rather than destruction of the factory- 

peripheral bodies followed by recruitment of de novo synthesised A17L to the 

factories). It will also be important to determine whether the process is 

dependent on microtubule or actin-based motor proteins. Following immature 

virus particle formation, A17L and A14L are proposed to recruit A27L to the 

particle, through a direct interaction between A17L and A27L (Vazquez et al., 

1998). Since A27L appears to be required for the microtubule/dynein-based 

movement of mature virus particles from the factories to the TGN, A17L plays 

an important part in enabling this motility to occur (Sanderson et al., 2000). 

Perhaps A17L also has a similar role prior to virus particle formation, in 

mediating transport of membranes and/or proteins to the factories.

A number of other viral proteins are emerging as important in controlling the 

association of membranes with viroplasm in the factories. These include A30L 

and G7L, both of which have recently been reported to form a complex with 

F10L (Szajner et al., 2004b). A30L is an F10L substrate, which together with 

G7L promotes F10L activation. In the absence of A30L, viral crescent 

membranes fail to wrap viral DNA to form immature virus particles (Szajner et 

al., 2001). Clearly, many different viral proteins are involved in the process of 

virion morphogenesis. The challenge now will be to identify the host proteins 

hijacked by these viral complexes, and the mechanism by which F10L regulates 

their activity and assembly.

8.5 Summary

Vaccinia virus has proven to be a rich resource for the study of cell motility, in 

all of its forms. Through the coordinated expression of its 273 genes, vaccinia 

appears to subvert every possible cellular function to bring about the dramatic 

reorganisation of the host cell required for its cytoplasmic replication and 

spread. Using just one of these genes, A36R, vaccinia takes advantage of both 

the microtubule network and the actin nucléation machinery of its host. As a 

result of this bifunctionality, vaccinia slips effortlessly between these two 

different forms of motility.
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Work in the near future will undoubtedly reveal how the molecular tool-kit 

encoded by the vaccinia genome, achieves a similar feat of engineering in 

bringing together the components required for viral assembly. Even in cases 

where the effects of the virus on its host serve no apparent function, as is likely 

to be true for vaccinia-mediated centrosome disruption, a great deal may be 

learnt about the host proteins with which the virus, albeit perhaps inadvertently, 

interacts. In particular, the part played by viral kinases and phosphatases in 

rewiring host signalling networks will be an area of intense interest. Sadly, much 

of this interest is now due to recent fears of bioterrorism, which are currently 

fuelling a renaissance in poxviral research (Harrison et al., 2004). However, 

these efforts will hopefully only serve to accelerate our understanding of this 

most fascinating of places: the host-pathogen interface.
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